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through  December  1982.  Project  supervision  was  provided  by 
Mr.  Dale'  11.  Whitford,  Supervisor,  Aerospace  Mechanics  Division, 
University  of  Dayton  Research  Institute.  Technical  direction  was 
provided  by  Mr.  Blaine  S.  West,  head,  Applied  Mechanics  Group. 
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S  FICTION  1 
INTRODUCTION 

l . 1  PROGRAM  OBJECTIVES  AND  SUMMARY 

Experience  has  shown  that  surface  crazing  and  delamination 
of  a  laminated  plastic  transparency  are  related  to  the  residual 
stress  levels  in  the  transparency.  It  has  been  theorized  that 
control  of  this  stress  level  (durinq  the  manufacturinq  and 
installation  process)  to  a  critical  threshold  value  may  increase 
the  transparency's  service  life  by  delaying  the  need  to  remove 
them  due  to  either  of  these  stress  induced  failures. 

The  main  objectives  of  this  program  are  to  (1)  conduct 
review  studies  on  candidate  nondestructive  test  techniques  for 
determining  residual  stresses  in  aircraft  transparencies;  (2) 
identify  and  recommend  nondestructive  test  techniques  having 
potential  for  further  laboratory  development  and  field  use. 

The  program  was  organized  under  three  primary  tasks:  (1) 

a  comprehensive  general  literature  review  of  over  150  publications 
on  holography,  x-rays,  moire,  scattered-light,  thermal  methods, 
ultrasonic  techniques,  acoustic  emission,  magneto-photoelasticity, 
laser  diffraction,  and  eddy  currents;  (2)  a  detailed  literature 
review  on  scattered-light  photoelasticity,  ultrasonic  technique  I 
based  on  the  Rayleigh  surface  waves;  ultrasonic  technique  II  based 
on  the  reflection  of  ultrasonic  energy  at  a  liquid-solid  interface, 
magneto-photoelasticity,  and  laser  diffraction;  (3)  detailed  review 
studies  on  scattered-liqht  techniques  and  ultrasonic  techniques  I 
and  IT. 

The  detailed  studies  on  scattered-light  techniques  included 
the  principles  of  the  dual-observation  method;  the  scattered-light 
photoelastic  properties  of  aircraft  transparency  plastics;  the 
scattered- 1  ight  photoelastic  device;  and  the  procedures  to  determine 
the  residual  stresses  at  the  surface  and  through  the  thickness. 

The  detailed  studies  on  ultrasonic  technique  I  included  the 
concept  of  Rayleigh  waves  (their  structure  and  properties) ;  the 
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tin'  ultrasonic  stress  measuring  device;  ami  l  hi'  procedures  to 
determine  the  residual  stresses  at  the  surface  and  through  the 
thickness. 

The  detailed  studies  on  ultrasonic  technique  II  based  on  the 
reflection  of  energy  at  a  liquid-solid  boundary  included  the  basic 
principles  and  the  equations;  and  the  principles,  calibration,  and 
application  of  a  goniometer  for  the  residual  stress  determination. 

These  methods  were  compared  and  evaluated  as  to  their 
potential  use  in  the  laboratory  and/or  field  for  the  determination 
of  the  residual  stresses  in  aircraft  transparencies ,  and 
recommendations  have  been  made. 

L .  2  BACKGROUND  INFORMATION 

1.2.1  Residual  Stress 

Internal  or  residual  stresses  have  been  defined  as 
those  existing  in  bodies  upon  which  no  external  forces  are  acting. 
They  can  arise  out  of  unequal  plastic  deformation,  causing  a 
misfit  of  the  elements  upon  removal  of  the  load;  alternately, 
a  chemical  change  may  alter  a  part  of  the  body  and  similarly 
produce  residual  stresses.  Residual  stresses  fall  naturally  into 
two  categories.  First,  external  forces  can  influence  differently 
various  parts  of  a  body,  and  thus,  even  though  the  material  may  be 
isotropic  and  homogeneous,  residual  stresses  may  be  produced. 
Secondly,  textural  inhomogeneities  of  the  material  may  give  rise 
to  internal  stresses  from  external  influences  which  are  acting 
uniformly  upon  the  body.  The  residual  stresses  of  the  first  group, 
arising,  for  example,  out  of  a  deformation  or  forming  process, 
are  often  large  and  well  defined  in  their  distribution.  They  are 
called  macrostress.  The  other  group  contains  residual  stresses 
(caused,  for  example,  by  quenching  a  two-phase  alloy)  which  are 
usually  on  a  granular  scale  and  often  randomly  distributed. 

These  are  termed  microstress,  or  residual  stresses  of  the  second 
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kind.  The  microstross  are,  in  general,  uniformly  tensile  or 
cnmnrcssive  in  a  particular  grain,  but  tentative  suggestions  of  a 
subgranular  variation  have  been  made  and  have  led  to  the  idea 
of  microstress  of  a  third  kind. 

1 . 2  .2  Stress  Crazing 

All  of  the  transparent  plastic  materials  currently 
available  are  susceptible  to  crazing,  though  in  widely  varying 
degrees.  ('razing  has  been  defined  as  fine  cracks  which  may  extend 
in  a  network  over  or  under  the  surface  or  through  a  plastic. 

These  fine  cracks  are  often  difficult  to  discern,  because  they  are 
approx i matel v  perpendicular  to  the  surface,  very  narrow  in  width, 

and  usually  not  over  0.001  inch  in  depth.  They  can  be  seen  by 
reflection  trom  their  surfaces  and  appear  as  bright  lines  when  the 

specimen  is  viewed  at  varying  angles  to  the  incident  light 
(References  1  to  4). 

Crazing  results  from  a  variety  of  causes,  the  more 
prominent  of  which  are:  (1)  residual  stresses  caused  by  uneven 

stretching  and  cooling  involved  in  forming;  (2)  contact  with 
solvents  and  solvent  vapors  in  the  manufacture,  operation,  and 
servicing  of  aircraft,  including  the  adhesives  used  in  making 
joints;  and  (3)  stresses  induced  in  the  material  by  machining, 
polishing,  mounting,  and  other  fabrication  and  flight  operations. 

When  the  craze  cracks  are  in  a  random  pattern,  the  crazing  can 
usually  be  ascribed  to  the  action  of  solvent  vapors  and  is  referred 
to  as  solvent  crazing.  When  the  cracks  are  approximately  parallel, 
the  crazing  is  usually  due  to  the  application  of  mechanical  stresses 
and  is  referred  to  as  stress  crazing.  These  two  types  are  not 
mutually  exclusive,  so  that  the  effect  may  be  produced  by  the 
simultaneous  action  of  stress  and  solvent,  referred  to  as 
stress-solvent  crazing.  Internal  stress  is,  in  fact,  essential  to 
solvent  crazing.  In  stress  crazing  and  stress-solvent  crazing, 
the  craze  cracks  appear  perpendicular  to  the  tensile  component  of  the 
applied  stress.  Tensile  and  flexural  stresses  cause  crazing,  whereas 
purely  compressive  stresses  do  not  produce  crazing. 
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wlu'n  tlio  .1  i  li’r.ift  i  r.  flying  into  tlio  sun.  It  also  .if  foots  tho 
slru1Mur.1l  propi'il  ies  of  tho  plastics.  Crazing  cracks  0.00G  inch 
deep  n'sul  tod  in  a  30  porcont  loss  in  tensile'  strength  of  a  plastic 
material  in  one  investigation  (Reference  1).  The  extreme  stress 
concentration  at  the  base  of  a  fissure  results  in  propagation  of  the 
crazing  with  time  under  load.  Small  changes  in  crack  depth  are 
accompanied  by  large  decreases  in  the  impact  strength.  In  extreme 
cases  crazing  can  reduce  tensile,  flexural,  and  impact  strengths  to 
virtually  zero. 

Long-time  cantilever  loading  of  test  specimens 
(FTMN  40G  Method  GOG  3)  with  and  without  various  solvents  applied 
to  tho  tensile  surface  has  been  used  to  estimate  the  threshold 
crazing  stress  under  various  conditions. 

In  References  2  and  3,  the  phenomena  associated  with 
the  crazing  of  cast  polymethyl  methacrylate  sheet  are  described  and 
examined  in  the  light  of  earlier  work.  The  theory  is  advanced  that 
ordinary  elastic  stresses  produced  in  the  surface  during  poly¬ 
merization  cause  local  rupture  under  the  plasticizing  influence  of 
absorbed  solvent  or  when  sufficiently  increased  by  an  externally 
applied  stress.  The  heat  treatment  of  the  sheet  to  minimize  crazing 
and  to  produce  material  free  from  distortion  is  described.  In 
Reference  4,  crazing  effects  are  described  in  polystyrene;  evidence 
of  crazing  is  noted  at  various  noints  on  the  snecimen  where  stress 
concentration  occurs,  such  as  at  regions  where  the  specimen  changes 
its  cross-sectional  dimensions  or  at  points  of  concentrated  load 
appl ication . 

1.2.3  A  Review  Study  of  Literature  on  the  Analysis  and 

Methods  of  Nondestructive  Test  Techniques  to 

Determine  the  Residual  Stresses 

The  following  paragraphs  describe  nondestructive 
test  techniques  used  to  determine  residual  stresses. 

1.2. 3.1  Scattered-Light  Photoelasticity 

Some  of  the  earlier  work  on  scattered-light 
photoelasticity  was  performed  by  Weller  (References  5  and  6)  in 
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the  United  States,  and  by  Jessop  (Reference  7)  in  the  United  Kingdom, 
hut  a  systematic  study  of  the  analysis  and  experiments  on  scattered- 
light  photoclast i ci ty  was  initiated  by  Frocht  and  Srinath 
(References  8,  () ,  10,  and  11).  In  Reference  8,  the  basic  theorv  of 
scattered  light  is  developed  and  experimental  evidence  provided 
shows  the  accuracy  possible  in  the  determination  of  the  isoclinic 
parameters  and  birefringence.  The  possibilities  of  the  method  are 
further  demonstrated  by  determining  the  stress  distribution  along 
critical  lines  in  a  diametrically  compressed  sphere  and  comparing 
the  results  with  theory  and  previous  experiments.  Srinath 
(Reference  10)  discusses  the  inaccuracies  in  the  various  exact 
methods  to  determine  the  difference  of  the  secondary  principal 
stresses  and  their  directions  at  any  general  point.  Further,  he 
proposes  a  new  method  called  the  mini-max  method  to  improve  the 
accuracy . 

Cheng  (References  12,  13,  14,  and  15)  describes  various 
techniques  for  determining  the  directions  of  the  secondary  principal 
stresses  and  their  difference  in  scattered- 1 ight  photoelasticity, 
without  usinq  a  compensator  but  still  capable  of  obtaining  the  same 
degree  of  accuracy.  In  Reference  13,  a  dua 1 -observat ion  method  is 
developed  for  determining  the  photoelastic  parameters  in  scattered 
light.  Using  this  method,  the  intensities  of  scattered  light  along 
two  directions  of  observation,  making  an  angle  of  45  degrees  in  a 
plane  normal  to  the  beam,  are  recorded  simultaneously  without  rotation 
of  either  the  light  beam  or  the  model.  Photoelastic  parameters  are 
evaluated  from  these  records.  The  theory  of  the  method,  the  apparatus 
and  procedures,  as  well  as  an  illustrative  experiment,  are  reported. 

In  Reference  14,  Cheng  describes  a  development  of  an  automatic  data- 
collecting-and-interpreting  system  for  a  dual-observation  method  in 
scattered-light  photoelasticity.  The  system  incorporates  a  flexible 
relay  optic,  photon  counting,  and  computer  techniques.  Photoelastic 
parameters  are  evaluated  from  the  photon  counts  by  means  of  an 
electronic  digital  computer.  Evaluation  procedures  have  been  improved 
so  that  the  effect  of  absorption  of  scattered  light  is  eliminated,  and 
the  rotation  of  the  secondary  principal  axes  is  considered.  Experi¬ 
ments  were  performed  for  cases  with  stationary  as  well  as  rotating 


secondary  !  >  I  ilK'ip.il  axe;'. .  In  Reference  15,  Cheng  reports  the  experi¬ 
ments  conducted  on  an  aircraft  windshield  sample  having  a  three-layer 
(q lass-v Lny 1 -glass )  sandwich  structure.  Photographs  of  fringe  pattern 
in  scattered  light  art'  shown,  and  the  stress  distribution  across  the 
thickness  of  glass  laver  is  determined.  Bateson,  et  al . ,  reports 
residual  stress  measurements  in  tempered  glass  plates  by  scattered 
light  method  with  a  laser  source  in  Reference  16. 

Swinson  applies  the  scattered  light  methods  to 
transient  thermal  stress  problems  in  a  solid  propellant  rocket 
motor  and  develops  a  theory  and  technique  for  locating  critical 
stress  points  in  a  structural  component  which  can  be  utilized  to 
reshape  the  structural  components  surface  to  minimize  stress  in 
critical  reqions  (References  17,  18,  19,  and  20).  Scattered-light 
technique  has  a  tremendous  potential  for  three-dimensional  dynamic 
stress  analysis  problems  (Reference  21).  Reference  22  describes 
a  scattered-light  rosette  to  determine  the  state  of  stress  on  a 
free  surface.  Three  simultaneously  polarized  light  beams 
intersecting  at  a  surface  point  yield  sufficient  scattered- 1 ight 
photoclastic  data  to  evaluate  the  stresses  at  a  surface  point. 

After  initial  calibration,  the  surface  stress  analysis  consists 
of  recording  a  series  of  photographs,  one  photograph  for  each 
point  of  interest.  General  equations  are  derived  which  are  valid 
for  any  three  1  ight  beams  intersecting  at  a  surface  point  on  a 
stressed  photoclastic  material.  Stresses  obtained  from  the 
scattered- 1 i ght  rosette  analysis  are  compared  with  the  known 
solutions  for  two  problems.  Reference  23  reports  the  use  of 
scattered-light  photoelasticity  to  solve  doubly  connected 
tapered-sha ft  problems.  Some  techniques  are  presented  which  help 
realize  more  fully  the  potential  of  scattered- light  photoelasticity. 
These  include  the  use  of  a  continuous-emission  gas  laser  as  a 
light  source  for  the  polar iscope,  the  use  of  a  photometer  arrange¬ 
ment  to  read  frinqe  spacings,  and  the  use  of  curve- f itting  techniques 
to  analyze  the  data.  Also,  some  design  features  for  constructing  a 
scattered- 1 i ght  polariscope  are  presented. 


In  Reference*  24,  a  net  of  equations  is 
presented  and  the  effect  of  rotation  of  the  secondary  principal 
stress  axes,  is  described.  The  equations,  qenoral  and  relatively 
simple,  adcqtia  I  e  I  v  describe  observe'*!  results.  In  s.tudyinq  the 
equal  ions,  a  better  under  stand i nq  of  the  rotat  ional  effect  can  be 
achieved,  and  a  technique  is  suqqested  which  can  eliminate  any 
error  resulting  from  rotation.  This  technique  and  the  concepts 
involved  are  substantiated  with  experimental  evidence. 

Sut 1  iff  invest iqates  three-dimensional 
stresses  in  models  of  compos  it*'  materials  with  discontinuous  fibers 
us inq  the  scattered- 1 i qht  photoelastic  method  (Reference  25).  The 
•cat Lercd- 1 i qht  method  is  applied  to  plane-stress  problems  in 
Reference  26.  The  results  show  that  one  full-field  photograph 
is  sufficient  to  determine  the  state  of  stress  in  the  model  as 
well  as  to  calibrate  the  model  material.  Results  for  the  case  of 
a  ring  in  diametral  compression  are  presented. 

Johnson  has  employed  the  scattered-light 
technique  to  determine  tho  stresses  and  strains  in  a  shaft  with  a 
c  ircumferential  groove  subjected  to  torsion  loading  bevond  the 
elastic  limit  (References  27  and  28).  (Iross-Peterson  (Reference  29) 
investigates  the  biref rinqence  and,  thereby  the  stresses  in  a 
photoelastic  model  utilizing  the  light  scattered  from  a  beam  of 
liqht  propagating  through  the  model.  The  retardance  from  the 
entry  point  of  the  light  beam  into  the  model  to  a  certain  point 
along  the  beam  is  expressed  in  terms  of  the  intensity  of  the  scattered 
light.  The  retardance  for  a  short  distance  along  the  light  path 
within  the  model  is  determined  as  a  function  of  the  total  retardances 
from  the  entry  point  of  the  model  to  the  two  end  points  of  the 
distance  investigated. 

The  lack  of  understanding  of  the  effect  of 
the  rotation  of  secondary  principal  axes  has  been  a  severe  limita¬ 
tion  of  the  scattered- 1 ight  method.  In  Reference  30,  Cernosek 
applies  the  method  of  Poincare's  equivalent  system  in  order  to 
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v»' 1  - •  .1  general  formula  for  scattered-  1  ight  intensity.  Relation¬ 
ships  amonq  the  orientation  of  eigenvectors  and  their  phase 
retardation  and  stresses  have  been  found.  The  method  is  illustrated 
l»v  the  solution  of  the  problem  of  a  circular  rod  loaded  by  a 
rombin.it  ion  of  torsion  and  axial  load.  An  experimental  procedure 
has  also  been  suggested.  Robert  (References  31  and  32)  applies 
the  principle  of  polarization  of  scattered  light  to  determine  the 
principal  stresses  in  the  interior  of  a  model.  On  the  basis  of 
i  In'  theorem  which  states  that  "a  series  of  bircfr ingents  is  equiva¬ 
lent  to  a  unique  l> i re f r i nqent ,  followed  by  a  medium  endowed  with 
rotational  (lower,"  it  can  be  assumed  that,  if  the  characteristics 
of  a  series  of  birefringents  are  known,  it  is  possible  to  find  the 
characteristics  of  an  interior  section. 

Reference  33  reports  the  results  of  an 
investigation  and  extension  of  the  various  proposed  procedures  and 
methods  of  analysis  for  the  photoelastic  determination  of  three- 
dimensional  state  of  stress.  Two  important  limitations  of  the 
previous  developments  are  removed.  The  rotation  of  the  axes  of  the 
secondary  principal  .stress  in  the  pianos  perpendicular  to  the  path 
of  the  light  wave  is  to  bo  considered  at  every  point  along  the  path 
of  the  light  wave  traveling  in  a  stressed  three-dimensional  medium. 
Also,  methods  for  the  analysis  of  whole  planes  are  presented,  thus 
avoiding  the  cumbersome  and  tedious  point-by-point  procedures  that 
have  boon  advanced. 


Berghaus  (Reference  34)  presents  a  method 
for  obtaining  scattered  light  photoelastic  data  in  three-dimensional 
problems  using  an  unpolarized  incident  light  beam.  Using 
simplifying  optical  assumptions,  the  scattered- 1 ight  observation 
oath  is  considered  to  be  a  series  of  half-wave  retarders.  Data 
are  obtained  through  rotation  of  the  optical  analyzer  and  trans¬ 
lation  of  the  incident  light  beam  with  respect  to  the  model.  The 
method  is  applied  to  obtain  data  in  problems  where  the  secondary 
principal  directions  are  (1)  fixed  and  (2)  rotate.  Results 
compare  favorably  with  those  obtained  usinq  a  polarized  incident 
beam . 
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problems  aro  found  by  us i nq  scat  to  rod- ] i qht  photoolastici ty 
(Ite foronco  35).  Tliroc  retardation  measurements  and  the  strain- 
d i spl acement  relations  in  cylindrical  coordinates  are  used  to  find 
the  complete  state  of  stress  and  strain.  The  method  is  demonstrated 
on  a  static  shrink- fit  problem. 

In  References  36  and  37,  a  scattered  light 
polariscope  and  its  principle  of  operation  are  described. 

1.2. 3.2  The  Ultrasonic  Technique  I:  Using  Rayleigh 

Waves 

Reference  38  describes  a  technique  which 
utilizes  ultrasonic  radiation  to  measure  residual  stresses  in 
metals.  This  technique  makes  it  possible  to  detect  and  measure 
the  magnitude  of  the  principal  stresses  and  also  to  obtain  their 
direction.  The  velocities  of  ultrasonic  waves  in  materials  are 
measured  as  the  time  to  travel  a  fixed  path  length,  and  the  change 
in  transit  time  is  related  to  the  applied  stress.  The  linear 
relationship  obtained  allows  a  procedure  based  on  this  principle 
to  be  used  for  the  measurement  of  residual  stress  using  surface 
waves  and  shear  waves.  A  method  for  plotting  stress  profiles 
throuqh  a  material  using  surface  waves  uses  varying  frequencies 
for  the  ultrasonic  wave.  The  system  used  for  this  technique  is 
called  the  "Modified  Time  of  Plight  Svstem. ”  In  Reference  39, 
an  ultrasonic  shear  wave  technique  to  measure  stress  in  metals  is 
described.  The  technique  utilizes  a  pulse-echo  system  operating 
at  7  MHz  to  measure  changes  in  the  time  of  travel  of  the  ultrasonic 
shear  wave.  Linear  changes  in  the  velocity  of  a  shear  wave  occur 
with  stress  and  are  dependent  on  the  higher  order  elastic  constants 
of  the  material.  Measurements  using  the  ultrasonic  technique  of 
simulated  residual  stress,  introduced  by  bending  of  a  6-foot 
section  of  steel  I-beam,  yielded  values  in  the  vicinity  of  those 
measured  using  strain  gaqes. 

Martin  (Reference  40)  evaluated  the 
feasibility  of  using  an  ultrasonic  nondestructive  technique  for 
measuring  applied  and  residual  stresses  in  metals;  specifically. 
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surface  anci  noar-surfaco  stresses  in  aluminum  alloys.  In 
Reference  41,  ho  describes  an  investigation  of  the  relative  effects 
of  uniaxial  stress  and  preferred  grain  orientation  on  the  Rayleigh 
wave  velocity  in  aluminum.  The  calculation  of  the  relationship 
between  Rayleigh  wave  velocity  and  stress  is  based  on  second 
order  elasticity  theory.  lie  postulates  a  linear  relationship 
between  velocity  and  grain  orientation.  He  concludes  that 
chances  in  velocity  duo  to  uniaxial  stress  in  the  elastic  range 
and  preferred  grain  orientation  are  of  the  same  order  of  magnitude. 
He  reviews  some  experimental  data  and  compares  it  with  theoretical 
calculations.  Gordon  and  Speidel  (Reference  42)  describe 
ultrasonic  instrumentation  and  transducers  utilized  for  several 
tynes  of  stress  measurements  in  commercial  alloys  such  as  aluminum 
and  low  carbon  steel.  Comparison  with  other  experimental  methods 
such  as  strain  gages  and  x-ray  diffraction  are  also  discussed.  The 
instrumentation  was  designed  to  measure  the  time  of  flight  of  a 
j  i  >;  >uu.  1 1  <  <d  ultrasonic  wave  with  a  resolution  of  0.2  nanoseconds. 

Reference  43  reports  studies  of  local 
variations  of  Rayleigh  (surface)  circumferential  ultrasonic  wave 
velocity  near  a  pipe-girth  welded  in  large-diameter  thin-wall  type 
stainless  steel  pipe.  The  residual  stress  distribution  was 
estimated  independently  from  shell  theory  for  an  elastic, 
infinite,  thin  shell  with  circumferential  line  load.  The  pattern 
of  surface  wave  velocity  variation  matched  the  theoretical  residual 
stress  pattern  closely. 

McKannan  (Reference  44)  calibrates  and 
evaluates  ultrasonic  methods  bv  conductina  tests  on  a  beam  subiected 
to  bending  loads.  The  frequency  employed  has  seven  megacycles 
per  second  which  provided  a  depth  of  penetration  of  one  millimeter. 
The  measurement  accuracy  of  the  time  of  flight  was  0.1  nanosecond 

__  g 

(or  10  seconds)  and  the  resolution  or  sensitivity  of  the  ultra¬ 
sonic  method  was  less  than  100  psi  in  2024-T3  aluminum  alloy. 

Reference  45  describes  an  ultrasonic  stress 
analyzer  and  surface  stress  and  bulk  stress  tranducers. 
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I..’.  1.  1.  Ultrasonic  Velocity-Stress  Relations  and 

Third  Order  Elastic  Constants 

In  References  46  to  49,  expressions  for 
the  velocities  of  elastic  waves  in  stressed  solids  are  derived 
using  Murnaqhan’s  theory  of  finite  deformations  and  third-order 
terms  in  the  energy.  For  isotropic  materials,  in  addition  to 
the  I, nine  const  ant  s  '•  and  q  throe  additional  constants,  1,  m, 
and  n  are  required  to  describe  the  material.  By  measuring  the 
transmission  time  of  elastic  pulses  through  the  material,  the 
velocit  ies  of  longitudinal  and  shear  waves  are  determined  as  a 
function  of  applied  stress.  By  subjecting  the  material  to 
hydrostatic  nressure  as  well  as  simple  compression,  it  is  found 
th.it  seven  functions  of  the  three  constants  1,  m,  and  n  can  be 
measured  and  thus  numerical  values  calculated.  Results  are  given 
for  poiystv rene ,  iron,  and  Pyrex  glass. 

Cook  and  Valkenburg  (Reference  50)  review 
the  theory  of  mechanical  wave  propagation  along  the  surface  of  an 
extended  solid  medium,  adapting  it  to  nondestructive  materials 
testing.  Lockett  (Reference  51)  describes  the  propagation  of 
Rayleigh  waves  in  an  isotropic  thermoelastic  solid.  It  is  found 
that  taking  into  account  the  thermal  properties  of  the  solid 
produces  a  difference  of  less  than  one  percent  in  the  velocity 
and  amplitude  of  the  Rayleigh  waves. 

McSkimin  (References  52  and  53)  describes 
the  aspects  of  wave  propagation  of  particular  importance  for  the 
measurement  of  elastic  moduli  of  solids.  Measurements  have  been 
made  for  all  six  third-order  elastic  moduli  of  germanium  by 
measuring  ultrasonic  velocities  in  selected  directions  when 
directed  static  stresses  are  applied  to  the  crystal.  Using  the 
finite  strain  formulas  of  Murnaghan,  the  measured  velocities  are 
related  to  the  three  second-order  elastic  moduli  and  the  six 
third-order  elastic  moduli. 

Toupin  and  Bernstein  (Reference  54)  derive 
the  general  equations  for  a  small  displacement  superimposed  on  a 
finite  deformation  of  a  perfectly  elastic  material  of  arbitrary 
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.••yninn't  r\  .  It  i shown  t  hat  the  variat  ion  of  sound  speeds  with 
init  ial  stress  and  the  measured  maqn  i  t.  udo  of  the  acoustoel  ast  i  e 
el  I  eel  can  he  used  to  determine  t  ho  third-order  ('last  ic  constants 

■  1 1  an  i  :  .o  t  i  .  >|  1 1 1  •  material  and  as,  a  pa  r  l  i  <1 1  eon  f  i  rma  lion  and 
e  vt  „  .  |  i  men  I  a  I  rliivk  o!  tlx'  tlx'ory. 

Hradf'ield  i  ,‘e  ierenee.s  V>  and  56)  ('numerates 
methods  of  using  vibrat  ions  to  determine  the  values  of  elastic 
constants  which  are  most  promisinq  and  offt'rs  advice  to  show  which 
method  is  best  to  use  in  a  qivon  set  of  circumstances.  The  methods 
described  are  also  applicable  to  non-metals  especially  those  of 
hard,  crystalline,  qlass-like,  or  ceramic  natures. 

Thurston  (References  57  and  58)  derives 
exact  expressions  for  the  sound  velocity  and  for  a  natural  velocity 
and  their  stress  derivatives,  evaluated  at  zero  stress,  in  terms 

■  >  f  second-  and  third-order  ('last  i  c  constants. 

Smith,  et  al.  (Reference  59)  have  determined 
the  third-order  elastic  moduli  of  several  isotropic  polycrystalline 
metals  from  measurements  of  the  velocities  of  both  longitudinal 
and  shear  ultrasonic  waves  in  uniaxially  stressed  specimens.  In 
each  case,  the  wave-propnqation  direction  was  chosen  normal  to 
the  applied  stress,  and  the  shear  waves  were  polarized  either 
norma]  or  parallel  to  the  stress  direction.  Hence,  a  unique 
('valuation  of  all  three  third-order  moduli  was  possible,  using 
i  lx-  ilx'ory  of  Thurston  and  Bruqqor,  specialized  for  isotropic 
symmetry.  The  measuring  equipment  is  based  on  a  new  variation  of 
t. he  pulse-echo  interferometric  techniaue  and  is  capable  of 
resolving  velocity  changes  of  a  few  parts  in  10^.  Results  are 
presented  for  several  steels,  aluminum  alloys,  magnesium,  tungsten, 
and  molybdenum,  and  are  shown  to  be  in  good  agreement  with 
alternative  nonlinear  elastic  data,  including  static  measurement 
of  : die  pressure  derivatives  of  the  bulk  and  shear  moduli. 

The  concept  of  Rayleigh  waves,  their 
structure  and  properties,  are  discussed  in  Reference  60.  Propa¬ 
gation  of  Rayleigh  waves  on  cylindrical  and  spherical  surfaces 
as  well  as  at  an  interface  with  a  liquid  are  discussed.  In 
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Okada  (Rofi-ronce  64)  proposed  new  equations 
for  stress  measurement  in  orthotropic  materials  by  ultrasonic 
b i re f r i ngence  techniques.  Intensity  of  stress- induced  anisotropy 
and  its  principal  direction  are  related  to  the  applied  stress 
through  three  coefficients,  in  contrast  to  only  one  coefficient 
required  for  isotropic  materials.  Experiments  of  ultrasonic 
birefringence  were  carried  out  to  determine  the  three  coefficients 
in  a  plate  of  aluminum  alloy  with  a  slight  orthotropy  originated 
from  roll  working.  Anisotropy  induced  by  uniaxial  stress  and 
rot.it  ion  of  the  principal  axis  wore  observed  in  several  specimens 
with  different  directions  of  rollinq.  The  results  are  in  good 
igreement.  with  the  curves  theoretically  predicted  by  the  equations 
promised,  showing  the  validity  and  usefulness  of  these  equations 
for  stress  measurements  in  conventional  material.--. 

Tn  Reference  65,  the  basic  relations  of 
t  .he  aeoustoe  last  i  city  are  deduced  by  means  of  the  infintesimal 
propagation  in  a  deformed  isotropic  elastic  material. 
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I  1  I :  I  I  i  ,is<  'ii  1 c  Ti  *clm  i  <  m< »  I  I  :  Kc  I  I  eel  ion  o  I 

Ultrasonic  Energy  .it  a  l.i  qu  i  d-Sol  i  d 

T  nto  i'  face 

Reference  66  reports  the  principles  and 
construction  of  an  ultrasonic  goniometer  for  surface  stress 
measurement  in  steel.  The  goniometer  methods  are  potentially 
more  useful  where  it  in  desired  to  obtain  indications  of  the 
stresses,  particularly  residual  stress,  rather  than  loading  stress 
(although  both  can  be  measured)  at  or  near  the  surface  of  an 
object  -  The  variation  of  the  energy  reflected  from  an  interface 
.is  a  fund  ion  of  angle  of  incidence  and  reflection  (equal)  using 
a  suitably  constructed  goniometer  should  reveal  marked  changes  in 
the  vicinity  of  critical  angles,  and  when  a  Rayleigh  surface  wave 
is  generated  in  a  solid  with  incident  beam  in  a  liquid.  In 
veVj-.'iieo  67,  Mayer  reports  the  energy  ratios  of  reflected  and 
:•  'i  i  'tod  waves  to  the  incident  wave  at  the  1  iquid-solid  boundaries 
as  a  function  of  the  angle  of  incidence.  The  influence  of  the 
wave  velocities  in  the  media  and  media  density  on  the  shame  of  the 
curves  is  discussed.  Ergin  (Reference  68)  reports  the  energy 
rat  ios  of  seismic  waves  reflected  and  refracted  at  a  discontinuity, 
'ail  Lins  (References  69  and  70)  establishes  that  the  ultrasonic 
reflectivity  of  a  liquid-solid  interface  can  be  a  sensitive 
indicator  of  near-surface  properties  of  the  solid.  At  angles  of 
incidence  slightly  less  than  that  which  produces  total  reflection, 
the  reflectivity  often  falls  off  sharply  with  a  minimum  occurring 
at  some  angle  0^.  The  value  of  0^  and  the  reflectivity  at 
are  both  f roqucncy-dependent .  It  is  often  possible  to  find  a 
frequency,  f,  which  causes  the  reflectivity  to  approach  zero  at 
the  minimum.  Under  these  conditions,  it  is  found  that  f,  6  , 
and  the  reflection  amplitude  are  all  extremely  sensitive  to 
slight  variations  in  such  surface  properties  as  elastic  moduli, 
grain  orientation  or  texture,  attenuation,  and  degree  of  cold 
work.  Kurt her,  it  is  reported  that  this  technique  can  be  used 
to  detect  changes  in  the  properties  of  thin  coatings  or  cladding 
on  thicker  substrates.  Simplicity  and  ease  of  application 
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comb  i  iu'i!  with  i  riiicr  i-nt  sens  it  i  v  i  t  y  make  t  ho  technique  .1  pot  ent  1  a  i  1  y 
powerful  tool  in  nondestructive  testing  and  material  evaluation. 

hradfield  (Reference  71)  reports  that  the 
velocity  of  an  ultrasonic  surface  wave  is  directly  related  to 
the  elasticity  of  the  material  and  hence  to  the  stress  residing 
in  t  In'  surface  layer.  The  goniometer  measures  this  velocity  over 
very  small  areas.  Such  measurements  can  he  related  to  the  texture 
and  homogeneity  of  the  material;  they  can  help  in  ultrasonic 
hardness  testing  and  they  may  be  a  means  of  detecting  fatigue 
he  fore  fa i  1 ure . 

Weinstein  (Reference  72)  reports  on  the 
failure  of  plane  wave  theory  to  predict  the  reflection  of  a 
narrow  ultrasonic  beam.  In  past  studies  of  the  interaction 
of  an  ultrasonic  beam  with  a  solid  plate  immersed  in  water,  the 
general  practice  has  been  to  assume  that  a  narrow  radiation 
pattern  is  a  sufficiently  close  approximation  to  a  plane  wave  to 
norm  1  t  t  hi'  use  of  plane  wave  theory  to  predict  the  results. 
Reflection  measurements  made  in  water  with  a  three-degree 
radiation  pattern  at  a  frequency  of  3.35  megacycles  per  second, 
using  both  air-backed  aluminum  plates  of  thickness  ranging  from 
0.250  to  0.025  inch  and  a  two-inch  aluminum  slab  to  approximate 
a  sem i - i n f i ni te  medium,  indicate  that  under  certain  conditions 
this  assumption  is  not  valid.  Experimentally,  the  excess  pressure 
of  the  reflected  wave  is  considerably  lower  than  that  predicted  by 
plane  wave  theory  when  the  angle  of  incidence  is  such  that  the 
change  of  phase  of  the  wave  upon  reflection  varies  greatly  with 
a  small  change  of  the  angle  of  incidence.  It  is  apparent  that 
at  these  angles  of  incidence  a  divergent  beam  which  is  several 
degrees  wide  cannot  be  used  to  approximate  a  plane  wave.  The 
nature  of  the  phenomenon  indicates  that  it  should  be  of  equal 
importance  in  the  study  of  transmission  phenomena. 

1.2. 3. 5  Magneto-Photoelasticitv 

Aben  (Reference  73)  discusses  the 
principles  of  magneto-photoelast i cy  and  its  applications.  If  a 
photoelastic  model  is  placed  in  a  magnetic  field,  the  light  vector 
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a  i  1  I  i  ,  1 1  .1 1  o  i  >w  iiit]  tn  t  In'  I'.n  .nl.iy  ol  It'd  .  An  i  lit  egral  opt  i  cm  1 
ottcct  (mp  therefore  In'  observed  with  sl.it  os  of  stress  which  do 
not  show  .my  optical  effect  by  direct  observ.it  ion;  for  example, 
bend  i  in]  and  quench  i  up  stresses  in  plates.  Basic  equation:;  of 
m.iqnet  o- phot  oe  1  ast  i  c  i  t  y  are  derived.  An  algorithm  is  developed 
which  enables  t  lie  optical  phenomena  to  be  determined  in  cases  of 
arbitrary  stress  distribution  alonq  the  wave  normal.  An  investi- 
qation  of  bent  plates  is  considered;  a  nomogram  was  produced  which 
enables  the  stress  components  to  be  determined  on  the  basis  of 
experimental  data.  The  experimental  technique  is  described. 

1.2. 3.6  Laser  Diffraction 

The  complex  nature  of  fracture  strength  as 
affected  by  crazing  of  a  glassy  amorphous  polymer  is  well 
recognized.  Processes  leadinq  to  the  formation  and  growth  of  a 
.'.:qi';i!  of  crazes  and  subsequent  nuoloat  i  on  and  propagation  of 
or  acts  must  bo  fully  understood  before  a  satisfactory  theory  of 
fracture  can  be  obtained.  Among  a  large  number  of  influencing 
factors,  the  inception  and  distribution  of  crazing  plays  a 
major  role  in  analyzing  the  statistical  strength  behavior  of  a 
polymer  exposed  to  stress.  Reference  74  reports  preliminary 

nttomots  to  observe  crazing  through  the  application  of  laser 
diffraction  techniques.  It  is  reported  that  laser  diffraction  is 
extremely  sensitive  to  the  occurrence  of  crazing.  Qualitatively, 
the  diffraction  patterns  characterize  faithfully  the  distribution 
of  the  crazes  together  with  other  features.  Several  light 
micrographs  and  corresponding  laser  diffraction  patterns  are 
,  |  iu';i  r.ib'il  in  this  reference.  Quant  1 1  at  i  ve  data  on  the  kinetics 
'  i  ■  accumu  I  at  ion  of  crazing  development  was  to  bo  collected  as 
i  continuation  of  this  research.  However,  nothing  was  found  in 
the  course  of  the  literature  search. 
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SECTION  2 

SCATTERED-LIGHT  PliOTOELAST I C  TECHNIQUE 


2.1  PRINCIPLES  OF  SCATTERED-LIGHT  I’llOTi  II'.LAST  1C  I  TY  : 

( l  )I  I A I  .-i  RISER  VAT  ION  METHOD) 

A  ilu.t  I -observat  ion  method  will  be  described  for  determininq 
t  lie  sent torod- I ight  ,  photoelast  ic  parameters  (Reference  13).  Usinq 
til  is  method,  the  intensities  of  scattered  light  along  two  directions 
of  observation,  making  an  angle  of  43°  in  a  plane  normal  to  the 
light  beam,  arc  recorded  simultaneously  without  rotation  of  either 
t ho  light  beam  or  the  model.  Photoelastic  parameters  are  evaluated 
from  these  records. 

In  establ i sh i ng  the  relations  between  the  intensity  of 
scattered  light  and  the  photoelastic  parameters,  there  are  two 
cases  to  be  considered.  The  first  is  that  in  which  the  secondary 
principal  axes  remain  constant,  while  in  the  second  case  they 
rotate  inside  the  stressed  elastic  medium. 

Case  1:  Secondary  Principal  Axes  Remain  Constant 

Let  tlu'  vibr.it  ional  displacement  of  a  beam  of  linearly 
polarized  light  be  g i ven  by 


A^  =  A  Sinmt  (1) 

where  A  is  the  amplitude  of  the  vibration,  ...  its  angular  velocity, 
and  t  the  time  (Figure  1).  After  passing  through  a  quarter-wave 
plate,  whose  axes  makes  angles  of  n/ 4  radians  with  the  plane  of 
polarization  of  the  incident  beam,  the  emerging  beam  is  circularly 
polarized  and  may  be  represented  by  two  components  along  the  axes. 
Thus , 

A2  =  ( 2 T1 /2  A  Sinmt  (2) 

and 


A 


3 


(2)1/2  A  Cosi.it 


(3) 
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if  the  secondary  principal  axes  in  a  model  make  angles  of 
"  ■"  with  the  axes  of  the  quarter-wave  plate,  and  are  resolved 
alone  these  directions,  giving  components 

A j  (2)  ',22  A  Sin  (n  t  -  't) 

and  A  (2)“l/2  A  Cos  (at  -  ,  t  ) 

where  ,  denotes  the  relative'  retardation  between  components. 

It  is  known  that  the  intensity  of  scattered  light  for  a 
given  direct  ion  of  observation  is  proportional  to  the  square  of 
the  apparent  amplitude,  which  is  defined  as  the  amplitude  of  the 
component  normal  to  the  direction  of  observation.  For  observation 
along  direction  OA,  which  is  collinear  with  the  direction  of 
polarization  of  the  beam,  OA^,  Figure  2,  the  component  is  given  by 

A()  A4  Cos  (  "/4  -  a)  -  A^  Sin  (, i/4  -  .) 

A  Sin  (mt  +  I*  )  (6) 

0  6 

where  A(  and  are  the  amplitude  and  the  phase  angle  of  the 
component,  respectively.  The  intensity  of  the  scattered  light 
lot  this  direction  of  observation  is  equal  to  K^fA^)  ,  where  '<<.  is 
a  material  constant.  It  has  been  shown  in  Reference  13  that 

K^(A6)2  =  1/2KsA2(1  +  Cos2  .  Sin!)  (7) 

Similarly,  for  observation  along  the  direction  OB,  which  makes 
an  angle  of  /4  radians  with  the  direction  OA.,  the  component,  is 
given  hv 

A.,  =  A,  Sin  t  -  Ar  Cos  . 

7  4  j 

-  h-j  Sin(.t  +  iy)  (8) 


(4) 

(5) 
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figure  2.  Directions  of  Observation  OA  and  OB  for  Cases  Without 
Rotation  of  Secondary  Principal  Axes.  The  light  beam 
is  pointed  toward  the  reader  from  the  plane  of  paper 
through  point  'O' 
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wlu'M'  A^  .iml  ,  .  arc  the  amplitude  and  the  phase  an<|le  of  the 
component ,  i cspcct  ively.  The  intensity  of  scattered  light  for 
till:;  obseivnt  ion  i  s  oipinl  to 


K„  t  A  ) 
»  »  / 


',’K  .AO  1  ci  n2i  S  i  ti-/  ) 


(9) 


l!  the  Lo.ul  is  zero  on  the  specimen, 

W2  =  Ks ( A? )  2  =  l/2KgA2  (10) 


because  ;=0.  Let  U  and  V  represent  the  ratio  of  the  intensity  of 
scattered  liqht  observed  while  the  model  is  under  load  to  that 
observed  while  it  is  free  of  load  along  the  directions  OA  and  OB, 


respectively  (Reference  14). 

11  ks<V2/2V2 


V  Ks(A7)2/2KsA2 


(ID 


(12) 


At  a  point  in  the  model 


U  =  1  +  Cos2ot  Sin$  (13) 

V  =  1  +  Sin2«  Sin4>  (14) 


and 


a  =  l/2tan1  (15) 

=  Sin1  +  ((V-l)2  +  (U-l)2]1/2  (16) 
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In  tho  case  of  residual  stresses,  it  is  expected  that  the 
rotation  of  the  secondary  principal  stresses  are  small  and  the 
errors  duo  to  the  rotation  of  the  secondary  principal  stresses 
can  bo  neglected.  Thus,  for  residual  stress  determination,  the 
Case'  I  theory  will  be  assumed  to  apply. 

:VATVi  Ki:i)-I.  IdllT  IMtOTOKLAST  I C  PROPKRTI  KS  OK  POLYCARBONATE 

ANL>  ACRYLIC  PLASTICS 

A  study  of  polycarbonate  as  a  scattered- 1 iqht  photoelastic 
material  is  made  in  Reference  27.  One  of  the  principal  advantages 
dI  scattered- 1  i ght.  photomechanics  is  that  passing  a  thin  sheet  of 
I ight  throuqh  a  model  is  equivalent  to  optically  slicing  the  model 
without  physically  disturbing  it.  In  order  to  do  this  it  is 
necessary  to  immerse  the  model  in  a  fluid  having  the  same  index 
of  refraction  as  the  model.  This  prevents  the  refraction  of  light 
when  entering  or  leaving  a  curved  surface  in  a  three-dimensional 
model.  Another  requirement  of  an  immersion  fluid  is  that  it  shall 
not  attack  or  degrade  the  model  material  within  the  time  span  of 
the  testing  .and  analysis.  Tho  index  of  refraction  for  poly¬ 
carbonate  is  1 . 58  and  there  are  several  immersion  fluids  whose 
index  of  refraction  is  very  close  to  1.58,  such  as  Type  IMF-1618 
l Reference  36).  Since  the  polycarbonate  material  is  chemically 
attacked  by  many  fluids,  the  immersion  fluid  should  be  enclosed 
in  a  thin  wailed  transparent  plastic  container  made  of  material 
having  the  same  refractive  index  as  the  immersion  fluid.  Thus, 
the  use  of  an  immersion  tank  can  be  eliminated. 

In  addition  to  the  requirement  for  compatibility  with  an 
immersion  fluid,  a  model  material  must  exhibit  sufficient  intensity 
of  scattered  light  to  permit  use  of  this  technique.  Furthermore, 
the  fringe  density  or  number  of  fringes  per  inch  must  be  enough 
to  permit  accurate  analysis  but  not  so  much  that  the  fringe 
pattern  loses  contrast  to  the  point  where  individual  fringes  can 
no  longer  be  resolved.  Reference  27  reports  the  following 
fringe  densities  for  polycarbonate  in  uniaxial  tension:  at  the 
proportional  limit,  110  fringes/inch;  at  a  total  strain  of 


S  porci'iit,  373  f ringes/inch;  at  10  percent  strain,  600  f  r  inqes/inch . 
These  are  h  i  <7)1  for  a  scattered-1  iqht  model  material.  In  our  case, 
we  are  primarily  interested  in  low  levels  of  residual  stresses. 
Therefore,  this  hiqh  frinqe  value  may  bo  an  advantaqe. 

The  seat tered-1 iqht  properties  of  acrylic  plastics  were  not 
'•’ported  in  the  literature  review  as  a  part  of  this  proqram. 

.! .  3  SCATTERED-  1. 1  (HIT  PHOTOELASTIC  DEVICE 

A  typical  scattered-light  polariscope  consists  of  the 
following  elements  (Figure  3,  References  36  and  37): 

2.3.1  high t  Source  and  Light  Conditioning  System 

The  Light  source  is  a  15mw  helium-neon  laser, 
ti.12.Snm  wavelength,  complete  with  power  supply  and  beam  expander. 

By  means  of  the  lens  system  L^/L^,  one  can  choose 
between  a  "pencil"  operation  {.light  converging  toward  a  point  on 
the  model.)  or  a  "ribbon"  operation  (light  converging  into  a 
plane  of  "zero"  thickness).  A  sliding  indexed  mount  enables  the 
select  ion  of  1 iqht  desired  (Slide  A,  Figure  3) . 

In  order  to  obtain  better  photographic  records  and 
for  easier  observation  of  the  fringe  pattern,  the  "ribbon"  of 
light  can  be  expanded  by  manipulation  of  the  lens  system  L^/L^ 
and  L  /L ^ .  The  L^/L^  lens  system  expands  the  beam  to  0.6  inches, 
and  the  L ,/L  lenses  expand  the  beam  to  1.5  inches. 

The  beam  generated  by  the  laser  is  plane  polarized, 
insertion  of  quarter-wave  plates  produces  circular  polarization. 

second  quart  or-wave  plate  transforms  the  light  back  into  plane 
po 1  a r i za t i on .  The  second  quarter-wave  plate  is  mounted  in  a 
rotatable  mount,  and  its  motion  is  indexed  on  a  large  graduated 
dial  indicating  the  direction  of  emerging  polarization. 

The  compensator  • c’  is  a  Babi net-Soleil  Digital 
Readout  Uniform  Field  Compensator,  with  a  calibrated  counter. 
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The  cni iipensator  is  the  heart  of  every  polar i  scope  measurinq 
system,  ami  its  measurinq  accuracy  determines  the  capability  of 
t  lie  sys t  cm . 

2.  > .  Ti  ansi  at  ion  ami  Hot.it  ion  Mechanism 

There  are  two  ways  to  desiqn  the  translation  and 
rotation  mechanism.  In  the  first  case,  we  can  keep  the  light 
source,  conditioning  system,  and  data  acquisition  system  fixed 
and  translate  and  rotate  the  model.  In  the  second  case,  if  the 
object  is  large,  we  can  keep  the  test  specimen  fixed  and  translate 
and  rotate  1  ight  source,  conditioning  system,  and  the  data 
aequ i s i t ion  system  together.  In  the  dual  observation  system  used 
here,  rot  at  ion  of  t  lie  model  i  s  not  required,  therefore,  only 
x,  y,  and  x  t  ranslation  of  the  light  and  data  acquisition  system 
together  is  to  be  uccompl i shod. 

The  function  of  the  translation  mechanism  is  as 
ml  low:;:  The  x-v  translation  is  used  to  select  within  the  model 
lines  ot  x-y  coordinates  to  be  analyzed.  These  motions  are  to  be 
realized  by  precision  slide  mechanisms  and  the  corresponding 
d i sp 1 acement s  are  readable  to  an  accuracy  of  0.001  inch  or 
0.020  mm.  Once  the  x-y  coordinates  are  selected,  the  analysis 
along  a  line  is  carried  out  point-per-point  using  "z"  motion. 

For  separation  of  principal  stresses  in  the 
scattered  light  technique,  the  shear  difference  method  must  be 
list'd.  Therefore,  measurement  of  the  displacements  x-y  are 
important  and  directly  influence  the  accuracy  of  results  obtained. 

2.  1.  l  The  Data  Acquisition  System 

The  da t a  acquisi! ion  system  is  used  to  collect 
the  photoelastic  information  from  the  model  being  analyzed. 

Three  different  methods  of  acquiring  the  data  are  provided. 

They  are  (Figure  4): 

•  Visual  -  The  photoelastic  pattern  is  directly 
observed  on  a  ground  glass  screen. 
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•  Photographic  -  A  photoqraphic  record  of  the 
rveb  pattern  is  made  on  a  3 5- min  film. 

•  Photoelectric  -  A  photomultiplier  tube  is  i nnor- 

I  ed  in  the  data  acquisition  system  which  provides  an  olectrica 
tit  propoi  t  ionui  to  the  1  iqht  intensity  cmerqinq  from  the 
i  veil  pattern.  Tht'  distance  between  frinqes  is  very  accurately 
rm  i  nod  by  photoelectric:  moasuremont.  The  1  iqht  intensities 
measured  either  on  a  meter  or  recorded  on  an  x-y  plotter. 


PROCEDURE  TO  DETERMINE  THE  RESIDUAL  STRESSES 

Consider  Eiqures  5(a,  b,  and  c)  and  6 (a,  b,  c,  aid  a) . 
endinq  the  incident  licjht  beam  in  a  direction  parallel  to 
is  anti  m.ikinq  scattered  1  iqht  observations  in  the  xy-plane, 
can  (jet  tbit'  secondary  principal  stress  difference  (p1  -  q 1  ) 
he  xy-plane  as  well  as  t .ho  directions  of  p '  and  q ' .  If  :  '  is 
oriental  ion  ot  the  p’-st.ress  witli  respi'ct:  t.o  the  y-axis, 
the  I  r  i  nqe  value  and  C  is  t.he  stress-optic;  coo  f  f  i  c  i.ont  . 


(  1  7) 


S  m2. 


(  ■  -  )  =  ( p  *  -  q’  )  Cos2  :  ’  (18) 

y  x  1 

i  in  i  1  a  r  1  y ,  in  Eiijure  Mb)  the  liqht  beam  is  in  the  y-directior. 
v  i  ew  i  iia  is  in  the  xz-plane.  From  this  we  can  determine 


p"  -  q" 


dN.- 

dv 


(19) 


p  -  q 


xz 


s  i  n  2  : 


7.  X 


(p"  -  q")Cos2." 


il.irly,  from  Fiquri'  5(c)  wo  can  determine  ■  and  z"  \c 


2  7 


(20) 


In  oi.U't  to  ili>  t  o  i  m  1  iu'  tin-  iniliviiiii.il  iiornuil  >;t  ressi'i;, 
i  .  •i-iHi  t  :;i  ■  in  lo  in'  iii.nlo  to  tin-  rlic.ir  difference  mot  hod.  Thus, 

1.1  it  l>o  ioi|uiroil  to  ilrt  n  iiiinr  t  ho  normal  stir:;:;  coni|>onont s  along 
t  ho  y-.ix  i l‘  i  .mu  o  (.(b).  I’m  thin  purpose  wo  will  use-  t  hi*  equation 
o  i  i'i  j  u  i  I  1 1)  i  i  uni ,  n. mu'  I  y 


i'y  ,  '>•  -  o 
•y  -jz 


(21) 


From  thin,  using  finite  differences,  we  integrate  the  equations 
n  ume  r  i  ca  1 1  y , 


(  ’ 


y 


( a 


3  /. ;  J  hi 

>  — +  v 

f  x  f  lZ 


(22) 
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in  which  (  )  ■  denotes  the  value  of" 

V  1 

v-ax  l  n  ami  (■  ) 

y  ' 

F .  lot  example,  it  a  I  roo  surlaee  (a  ) 

’  ,  V  t 


at  any  point  j  alonq  the 


in  the  known  or  the  initial  value  at  some  point 

0. 


^ x  are  obtained  from  the  shear 


alonq 


The  va 1  non  of 
I  wo  pa  i  n  1  1  e  1  1  i  non. 

S i mi  1  a  t  1 y ,  t  ho  va 1  no 
alonq  such  lines  as  DD'  ancl^L-T’,  Az  apart.  These  give  us  the 


x  yx 

x  apart  such  as  1 ines  CC’  and  EE' ,  Fiqure  6(b) 

n  of  yx  are  obtained  from  the  shears 


yz 


not 


jessa rv  data  for  the  evaluation  of 


at  all  points  along  the 
y 

y-nxis.  is  solved  from  Equation  18.  The  component  of  shear 

stress  " ,  "  is  determined  by  passing  the  light  in  the  direction 

of  x-axis  and  viewing  in  yz-plane  (Figures  5(c)  and  6(d)).  By  a 
knowledge  of  all  six  stress  components,  we  can  get  the  principal 
stresses  at  a  pont  by  Mohr's  Circle  or  from  the  principal  stress 
oq  u.  1 1.  i  ons  . 


2.4.1  Surface-Stress  Determination 

One  technique  in  examining  boundary  surfaces  for 
critical  points  is  to  traverse  the  surface  with  the  circularly 
polarized  beam  intersecting  the  boundary  at  right  angles  (alone;  N) 
and  recording  the  fringe  pattern,  Fiqure  7  A  flexible  coherent- 
fiber  optics  tube  would  be  convenient  here.  When  the  light  beam 
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i  a  loin;  a  iMiiu-iji.il  direction  as  in  this  rase,  the  stress-optic 
law  ivvoa 1  a  the  difference  in  the  other  two  secondary  principal 
stresses  (I'iqure  8(a)): 


p*  -  q*  = 


i 

yx 


Sin2  ;  * 


x 


y 


(p*  -  q*)Cos2‘* 


(23) 


(24) 


To  obtain  t he  third  independent  Hit  of  information, 
let  I  he  laser  liqht  intersect  the  point  of  interest  at  an  ancle 
t . 1 1  •  >m j  >')  ,  Ki<)ure  7,  in  the  x/.-pl.tne.  The  direction  Cosines  of 
\,  one  ot  the  second,!  t  y-jir  inc  i  pal  stress  directions,  are 


Tlh  ■  scat  t  e  red-  I  I  >)ht 
(li'iure  h'(li)) 


Cos 


m  ^  0 


n  ^  -Sin 


i  >hot  oe 1  ast  i  c  I  »a  1 1  ern 


(25) 


is  sufficient  to  yield, 


+  (p**  _  tj**) 


(26) 


'  yN 


(p**  -  q**) 

"  2 


S  i  n  2  p  *  * 


(  .  ,  -  a  )  =  (  p*  *  -  q  *  * )  Co s  2  ;>  *  * 
N  v 


(2  7) 


It  should  be  noted  that  if  z  is  chosen  to  be  exactly  normal  to 
tin-  surface,  then  it  becomes  one  of  the  principal  stress  directions. 
j>*  and  cj*  are  then  the  other  2  principal  stresses,  otherwise 
they  will  be  the  secondary  principal  stresses. 
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SECTION  ALONG  CD  SECTION  ALONG  AB 


!'  i  >|u re  7. 


Light  Alonq  N  and  N'  Axes,  Viewing  in  xy  and  Ty 
Pianos  in  Canopy. 


DIRECT IONS  OT 
OBSERVATION 


Ry  transformation  of  coordinates 


2  2  2 

i  ,  a  v’  .  la  m.  la  n ,  I  2a  ,  m, 
N  x  1  y  1  x  1  xy  1  1 


(28) 


i  2a  Ln,  +  2a  m,  n, 

XX  11  VX  1  1 


Because  the  point  of  interest  is  on  the  boundary. 


n  =o  =  a  =0 
xz  yz  z 


(29) 


there  fore 


2 

il  =  o  cos  0 
N  x 


(30) 


Equal  i  on  2(>  takes  positive  values  if  •  o  an<3  a  negative  value 
if  a  i  .  Solving  Equations  24,  27,  and  30,  we  can  determine 

\  V 

i  mi  i  v  i  dua  I  1  v  a,  ,  a  ,  and  i  .  Since  we  know  the  directions  of 
x  y  xy 

secondary  principal  stresses,  namely  ■;>*  and  <(.**,  we  can  determine 
the  values  of  principal  stresses  at  the  boundary  surface. 


2  .  r>  APPROX  I  MATH  COST  OF  SCATTERED- LIGHT  DEVICE 

(a)  Light  Source  and  Conditioning  System  Consisting  of  15  mW 
Helium-Noon  Laser,  032.8  nm  Wavelength,  Complete  with 
Power  Supply  and  Beam  Expander 

The  light  conditioning  unit  consists  of  several 

lens  systems  to  provide  a  "ribbon"  or  "pencil"  of  light  (light 

converging  toward  the  data  point  within  the  model),  or  0.75  in. 

(19  mm)  "ribbon"  of  light  (light  converging  into  a  plane  of  "zero" 

thickness).  A  sliding  indexed  mount  enables  easy  selection  of  the 

desired  light  operation.  Another  set  of  lenses  provides  for  the 

widening  of  the  ribbon  of  light  to  1.5  in.  (38  mm)  to  obtain  better 

photographic  records.  The  light  conditioning  system  should 

prov i de 

A.  Plane  Polarization,  with  readout  to  1/2°. 

B.  Circular  Polari zation . 

C.  Babinet-Solei 1  Compensation,  calibrated  to 
1/100  fringe.  Total  range  5  fringes. 

Cost  Estimate:  $33,340 
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(b)  Fixture  for  Translation  of  tight  and  Viewing  System 

This  fixture  should  provide  for  X-Y-Z  displacement 
of  the  light  and  viewing  system.  The  displacements  are  readable 
t o  0 . 001  in.  (0.025  mm).  Mu'  fixture  should  feature  a  0  in. 

(  152  mm)  X,  Y,  ",  <  ravel  . 


dost  list  i  mat  e  : 


$15,  300 


(c)  Data  Acquisition  System 

Data  acquisition  system  consisting  of  a  photo¬ 
multiplier  tube  with  a  readout 

dost  Estimate:  $24,000 

(d)  Index  Matching  Fluid 

Five-gallon  containers  indexing  matching  fluid, 

IMF-1618A 

dost  Estimate:  $045 


Ti  >t  .  i  1  dost  5  '.,54' 

Thi >  costs  shown  in  items  (a)  and  (e)  are  based  on  the 
quotation  (dated  July  1982)  from  Photoelastic  Division,  Measure¬ 
ments  Croup.  The  cost  shown  in  (b)  is  an  estimate,  as  there  is 
no  readily  available  system  to  simultaneously  translate  the  light 
and  viewing  system  and  to  measure  these  translations  in  a 
predetermined  X,  Y,  and  Z  coordinate  system. 
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SECTION  3 


ULTRASONIC  TF.CHN  IOUF.  I 
(  RAY LEI  (ill  SURFACE  WAVES) 

In  1885,  tho  English  scientist  Lord  Rayleigh  (Reference  60) 
demonstrated  that  waves  can  be  propaqated  over  the  plane  boundary 
between  an  elastic  half-space  and  a  vacuum  or  a  sufficiently 
rarefied  medium  (for  example,  air),  where  the  amplitude  of  the 
waves  decays  rapidly  with  depth.  During  the  last  fifteen  years, 
Rayleigh  waves  in  tho  ultrasonic  frequency  range  have  found 
considerable  application.  They  can  be  used  to  inspect  the  state 
of  the  surface  layer  of  a  sample,  in  the  detection  of  surface  and 
near-surface  defects  in  metals,  glasses,  and  plastics,  and  other 
materials  (ultrasonic  surface  flaw  detection).  The  influence  of 
tho  propert  ies  of  the  surface  layer  of  a  sample  on  the  velocity 
and  attenuation  of  Rayleigh  waves  permits  the  latter  to  be  used 
for  the  assessment  of  residual  stresses  in  a  surface  layer  of  a 
material,  as  well  as  the  thermal  and  mechanical  properties  of  the 
surface  layer  of  a  sample. 

1.1  PR  1  NO  1  PEES  AND  ANALYSIS 

3.1.1  Tho  Concept  of  Rayleigh  Waves:  Their  Structure  and 
r report ies 

Lot  us  consider  a  plane  harmonic  Rayleigh  wave  on  the 
boundary  between  a  solid,  isotropic,  perfectly  elastic  half-space 
and  vacuum.  Let  the  half-space  occupy  the  region  7,  >  0  (Figure 
h(a)),  the  direction  of  wave  propagation  coinciding  with  the 
X-axis.  For  the  region  occupied  by  the  half-space,  we  introduce 
the  scalar  potential  :•  and  vector  potential  of  the  displacements, 
so  that  the  particle  displacement  vector  v  is  written  in  the  form 

v  =  qrad  T  +  rot  ~  (31) 

The  potentials  T  and  7  are  i  he  potent  i a  1 s  of  the  longitudinal 
and  shear  waves,  respectively,  and  satisfy  the  following  wave 
equat l on : 


t- 


3  6 


Figure  9.  Displacements  and  Stresses  due  to  Rayleigh  Wav 
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Hero , 


K  ^  =..»/.0/(\+2u) 


Kt  ='’"o/l1 


(33) 


arc  I  ho  wave  numhers  for  longitudinal  and  transverse  modes, 

respectively,  a  is  the  circular  frequency,  \  and  u  are 

l.ame’  clast  ic  const. inis,  and  ,  i  s  the  mass  density  of  the  medium. 


The  components  U  and  W  of  the  particle  displacement 
along  the  x  and  z  axes,  respectively,  and  the  stress  components 
\  ,  i  ,  may  be  represented  in  terms  of  and  tj1  according 

XX  Z7.  X  e 

to  the  equations 


H  =  ^ 

3x  3z 


(34) 


w  ~  ill  +  lil 
?z  ?x 
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Vic  seek  the  solutions  to  Equations  32  corresponding  to  a  plane 
harmonic  wave  propagating  in  the  positive  x  direction.  For  this 
we  let 
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i  (kx-iJt) 


(36) 


=  F  (  z )  e 


7  G(z) 


i ( kx-mt ) 
e 


Suhst  ituting  those  expressions  into  Fquations  33, 
we  obtain  two  differential  equations  for  the  functions  F(z)  and 

b(z)  : 


d^F  (  7. ) 


dz 


d2C (z) 
o 

dz“ 


(k2  -  kf2)  F(z)  =  0 
(k2  -  kfc2)  G ( z )  =  0 


(37) 


The  two  linearly  independent  solutions  of  each  of 

the'  above'  equations  are  the  exp  (  (.  )  and  exp  (  +  /k^-k,  ^z  )  . 

2.2-2  1  t 
W o  assume  k  k  t>  .  Then  the  solutions  with  postiive 

radicals  in  the  exponent  will  correspond  to  motion  increasing 
with  depth,  the  solution  with  neqative  radicals  will  correspond 
to  exponent  ially  decaying  motion,  i.e.,  a  surface  wave.  Con¬ 
sequent  1  y ,  the  expressions  for  ;  and  in  assume  the  form 


,  A  e“qz  e1  (kx~l"t) 

a  -sz  i (kx-mt) 
-  u  o  e 


(38) 


where 


and  A  and  B  are  arbitrary  constants. 

The  conditions  of  the  problem  demand  also  that  the 

stresses  a  and  ’  go  to  zero  at  the  boundary  of  the  half-space 
Z  Z  X  7.  ‘  1 

(:>1  a  no  z  =  0 )  . 

The  pattern  of  the  displacements  in  a  Rayleigh 

wave  is  illustrated  in  Figure  9(b).  Figures  9(c)  and  9(d)  show 

the  dependence  of  the  displacement  amplitudes  U  ,  W  and  stress 

R  K 
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,i;u:  >  1  1  t  ades  ,  ,  in  .1  Rav Leigh  wave  on  t  ho  depth. 

‘  /.  xx  x z 

riirviv-  .no  given  in  d  i  inons  i  on  1  ess  form;  t  ho  d  i  so  1  .icemen  t  .imp]  i  t  ndos 
are  lvtorfi'd  to  t  ho  nonnal  d  i  sj  >  1  .leomont  amplitude  fin  t  ho  surface 
W  ,  ,  t  ho  st  ross  amplitudes  are  referred  Ln  the  amplitude  ■'  „ 

on  the  surface.  Ttio  set  of  curves  shown  in  Figure  9(c) 
and  *»(d)  i  1  I  list  rates  the  local  izat  ion  of  the  Rayleigh  wave  in 
a  thin  surface  layer  of  thickness  \  to  2  '•  ^ . 

i.  1.2  Fropagat  ion  of  Rayleigh  Waves  in  a  Stressed  Elastic 

Mod i urn 

tor  the  measurement  of  stress.,  the  effect  of  higher 
order  elust  to  constants,  on  the  velocity  of  Rayleigh  and  shear 
waves,  in  a  material  must  he  considered.  An  initially  isotropic 
material  which  has  boon  subjected  to  any  stress  system  other 
than  hydrostatic  pressure  will  become  anisotropic,  and  the  velocity 
o'  ultrasonic  waves  generated  through  it  will  become  nondegenerate, 
in  order  to  make  reference  to  an  initially  isotropic  stress-free 
tody  (Reference  19) ,  it  is  necessary  to  refer  the  body  to  a  set  of 
three  orthogonal  axes..  The  three  axes  describing  the  elastic 
nature  of  the  body  correspond  to  the  three  principal  stress  axes. 

I 'or  a  material  in  a  general  stressed  state,  the  nature 
of  an\'  wave  propagated  along  any  of  the  principal  strain  axes  is 
either  of  a  cure  longitudinal  or  pure  transverse  nature.  These 
are  the  "principal  waves"  and  they  travel  along  the  "acoustic 
axes."  This  can  be  explained  by  the  fact  that  for  an  isotropic 
material  there  is  complete  degeneracy,  and  the  material  has  no 
preferred  direction  of  its  own.  A  wave  propagated  through  the 
material  will  travel  in  any  direction  with  the  same  velocity. 

The  ultrasonic  wave  traveling  through  a  material  in  any  direction 
cm,  besides  this  direction,  recognize  only  the  direction 
>>f  t.  he  principal  axes  in  the  material  and  these  correspond  to  a 
set  of  orthogonal  axes,  coincident  with  the  principal  stresses. 
These  are  t ne  three  orincipal  directions  which  can  influence  the 
veloritv  of  the  ultrasonic  wave  in  the  material.  For  the  case 
wnere  t  tie  principal  strains  are  all  distinct  and  unlike,  each 
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.  t  v  i  :  c.in  support  three  u  1  l  i  .  is*  Mi  1 e  waves--one  Knvjitiuiin.il  ami  two 
t  ransverse  am!  there  arc  a  I  i>l  a  1  of  nine  possible  principal  ivavcs 
in  tho  material.  Thom'  waves  may  ho  described  in  terms  >r  t  he'  l  r 
d  i  root  ions  of  propagation  and  part  irle  d  i  sol  aeemont .  A  transverse 
v.avo  has  its.  nronagat  ion  direction  parallel  to  one  of  the 
or  i  no  i  pal  axes,  and  its  particle  displacement  along  either  of  the 
other  two  principal  axes. 

1. 1.2.1  St ress-Veloc i ty  Expressions  (Uniaxial 
Stress  field) 

Expressions  have  been  derived  by  Hughes  and 
Ko  1  1 '■  iri  ItetVroneo  4**  tor  t  lie  stress  dependence  of  the  velocities 
.  > :  ill  I  r.isonie  waves  along  the  principal  stress  axes  using 
:  •  u  mu  I  at  ions,  of  finite  strain.  The  expressions  relate  to  waves 
i:i  in  it  ia  II"  i  sot  ron  ic  materials  and  relate  to  the  simple  case 
o|  aniaxi.il  st  reus,  figure  10  shows  the  coordinate  system  used 
tor  do!  ini  ng  t  he  propag.it  ion  direction.  The  equations  arc'  given 
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where  uniaxial  tens  ion  acts  in  the'  x-di  rect  ion 
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whore  uniaxial  tension  T  acts  in  y-direct ion 

V.  ,  V  -  velocities  of  the  shear  waves  polarized 
in  y,z  directions 

and  •  =  second-order  Lame*  constants  for  isotropic 

materials 

m  and  n  =  Murnaghan  third-order  elastic  constants 
for  isotropic  materials,  and 
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K  =4  (3A  +  2 w )  =  bulk  modulus 
o  3 

x  =  direction  of  propagation  of  waves. 

It  i s  readily  seen  that  on  reducing  the  uniaxial  tension  T  to  zero, 
tli.'  expressions  reduce  to  the  common  form  for  the  velocity  Vso 
.it  the  ultrasonic  waves  in  an  unstrained  isotropic  material, 
g  i  veil  by 

a  V2  -  u  (41) 

O  S  1 


Tins  well-known  expression  is  easily  derivable  from  the  theory 

of  first-order  elasticity  where  infintesimal  strains  are 

considered.  If  the  sign  of  the  T  is  changed  from  plus  to  minus, 

then  this  equation  gives  the  velocities  V  and  V  as  a  function 

sy  sz 

of  uniaxial  compressive  stress. 


From  the  transverse-wave  velocity  for  the 
stress- free  case,  v_  (  -  /i7/  )  ,  one  can  obtain  the  Rayleigh 
wave  velocity,  V,  ,  irom  the  Bergmann  approximation  (which  is 

K(  > 

appropriate  for  isotropic  materials)  (Reference  41) 
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0.87  t  1.12 
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V 
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(42) 


where  t  j-j--  - — y-  )  is  Poisson's  ratio.  It  is  assumed  that  for 

the  stressed  state  (T  /  0),  the  Bergmann  approximation  is  still 
valid.  In  the  stressed  state,  Poisson's  ratio  would  contain 
third-order  elastic  constants  in  addition  to  the  second-order 
constants.  Since  this  relation  is  not  known,  it  will  be  assumed 
that.,  as  a  first  approx  imation ,  the  ratio  of  elastic  constants 
changes  negligibly.  Thus  we  have 


V  = 


[°- 


.87  4  1.12 


1  + 


V 


(43) 


where  V  has  already  been  known. 

3. 1.2. 2  Stress-Velocity  Expressions  (General  Stress 
F  i  e  1  d ) 

In  Reference  h3,  expressions  are  derived  for 
the  speed  of  propagation  of  transverse  waves  in  a  body  with  an 
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>.(-!'!♦  >n-v.  hotn.v  I'.M'.i'Oiiii  body  Will,  ari.nl  r.irv  st  ivs;;  field,  on  the 
.  j  ..  ,  , ;  ,  ,  MU> I  I  iiriirv  .  i  f  i  •  1  a:;  t  i  r  i  I  y  f o  niiu  1  a  t  <  'd  by  Tr  iii  •  sd<  •  I  !  . 

Taking  I  In'*  linear  I'lastic  t  hoory  as  the  basis 

lor  a  iitM  i  vat  ion  nl  t  ho  vcloci  I  y  V  of  a  t  ransvorso  wave  in  a 

: ;  ( ) 

I  j»  urn  ,  isotropir  body,  wt*  t  i  nd 

V  (44) 

SO  t  i 

o 

whoro  ,  is  a  l.ame  oonstan!  .  i  to  i  ^  is  t  ho  t  Ion:;  i  t  y .  V  is  thus 
i  ndependent  of  stress  in  the  body  if  ,•  is  constant. 

A  nonlinear  theory  must  therefore  be  used 
to  explain  the  stress-velocity  relationship  in  a  propagating 
stress  wave.  Truesdell  has  derived  the  following  general 
results  on  t he  basis  of  such  a  theory. 

(1)  Throe  i ndepondent  waves  can  propagate 
a  long  any  direct  ion  in  an  elastic  material  with  a  given  strain 
i ioid.  The  direct  ions  of  the  vectors  describing  the  waves  are 
lies  i  ana  t  ed  the  acoust  i  c  axe's. 

(2)  The  acoustic  axes  form  a  triad,  the 
oriental  ion  of  which  depends  on  (a)  the  direction  of  propagation 
of  t no  wave,  (b)  the  direction  of  the  axes  of  symmetry  of  the 
material,  (c)  the  direction  of  the  principal  stresses,  and  (d) 
the  directions  of  the  principal  strains. 

(3)  In  an  isotropic  material,  the  orienta¬ 
tion  of  the  acoustic  axes  depends  only  on  the  direction  of 
propagation  and  the  directions  of  the  principal  stresses  because 
the  symmetry  axes  of  the  materia]  are  arbitrary  and  the  axes  of 

the  principal  stresses  coincide  with  those  of  the  principal  strains. 

(4)  If  the  wave  propagates  along  the  direction 
of  u  principal  stress,  the  acoustic  axes  will  coincide  with  the 

; ,  i  i  i  i  i '  i pal  stress  axes.  In  this  case,  and  this  case  only,  pure 
longitudinal  or  transverse  waves  are  propagated. 
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( 5 )  Tin'  speed  of  propaq.it  ion  of  pure 


transverse  waves  can  be  expressed  by: 


'V~i 2  "l  "  '2 
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T 

3 


(45) 


where  ,  i;;  tin'  density  in  the  deformed  state,  V^2  and  V  ^  ^  are  the 

speeds  of  prooaqat  ion  for  a  transverse  wave  propaqatinq  alonq 
the  direction  of  the  first  principal-stress  axis  and  polarized 
alonq  i  lie  directions  of  the  second  and  third  principal-stress 
axes,  respect  i ve ly ,  and  a  ^  ,  1^1  ar>d  a  are  principal  stresses, 
and  ■■  ,  7,  and  ^  are  principal  stretches  (Fiqure  10). 

Truesdell  also  shows  that  the  expressions 
in  liquation  45  can  be  transformed  into  the  followinq  in  a 
second-order  theory  of  elasticity. 
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w:i.  ri  ■  ,  , ,  and  ,  are  principal  extensions,  a,.  and  are 

second  order  elasticity  constants,  and  a  is  the  mass  density 
1  n  i  an  !•  ■  fo rmed  st  ate. 


The  Equations  46  are  derived  assuminq  that 

2 

.  (i  =  l,2,3)  is  small,  so  that  terms  containinq  (S  can  be 

noqlectcd.  This  means  that  6.  can  be  approximated  by  the 

principal  values  E  in  the  strain  tensor  E.  In  Truesdell ’s 

1 

expressions  (Equation  46),  Hooke's  law  can  be  introduced  in  the 
to 1 1 ow i nq  form: 
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where  i  1,2,3  and  \  and  are  the  l,am<-  oou.d  .ml  a. , 
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(  3  \  i  2  a )  in  tin-  hulk  modulus.  Inserting  liquations  47  into 


K. i ua t  ions  4 1> ,  wo  got 
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Tho  tliird  order  ela.stic  constants  ir  and  ti 

5  6 


are  ri'latoil  to  Murnaqlian’s  constants  m  and  n  by 


2(3  -  a  t  m  -  j) 


(49) 


,i  i,  ~  4 1 .  +  n 
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These  relationships  are  obtained  by  comparinq  the  strain  energy 
function  in  Murnaghan's  formulation  and  that  of  Truesdell. 

I f  we  insert  Equations  49  into  Equations  48, 


wo  got 
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For  special  stress  fields,  these  equations 
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;n i axial  pressure  in  the  1-direction,  i.e., 
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Uniaxial  pressure  in  the  2-di  reel  ion. 
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These  relations  (Eauations  51  to  53)  are  identical  with 
F. aviations  40  discussed  in  the  previous  section.  The  velocity  of 
the  Rayleigh  waves,  can  be  obtained  from  Equation  43. 

1.2  Ui.TRAEOMTC  STRESS  MEASURING  DEVICE 

Tlie  residual  st  rcs.s  measuring  device  consists  of  an  ultrasonic 

stress;  analyzer  and  a  surface  stress  transducer.  This  ultrasonic 

sties.:;  mousurinq  device  is  capable  of  measuring  the  transit  time 

of  ultrasonic  waves  with  a  resolution  of  better  than  one  nano- 
- ') 

second  or  10  seconds  (Reference  45). 
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The  transit  times  are  measured  by  comparing  two  ultrasonic 
waveforms  that  are  simultaneously  generated  at  one  millisecond 
intervals  and  nulled  on  the  oscilloscope  screen. 

i.  i  I'KlVKIHIKK  to  DETERMINE  Till:  RESIDUA/.  STRESSES 
i .  1 .  1  P r i nciple  of  the  Method 

Measurement  of  the  velocity  of  ultrasonic  waves  in 
metals  has  been  used  as  a  method  for  obtaining  their  elastic 
moduli.  It  is  well  known  that  application  of  a  stress  to  the 
material  will  change  the  velocities  of  ultrasonic  waves  in  the 
material,  yielding  a  linear  relationship  between  the  applied  stress 
and  the  change  in  velocity.  This  property  of  the  material  is 
attributed  to  the  effect  of  higher  order  terms  in  the  elastic 
moduli  of  the  material,  and  has  been  treated  in  depth  by  a 
number  of  authors.  The  system  utilized  to  perform  residual  stress 
measurements  was  designed  to  measure  changes  in  ultrasonic  velocity 
as  .1  fund  ion  of  stress. 

1 .  3 . 2  fur  face  Wave  Technique 

5.  1.2.1  !>< '  I  e  cm  i  nn  t  ion  of  Surface  Stresses 

Surface  waves  propagate  at  the  surface  of 
tiic  sample,  and  have  character istics  of  the  longitudinal  waves 
with  particle  motion  parallel  and  perpendicular  to  the  surface  of 
tin'  specimen.  Figure  11(a)  is  a  cross-section  of  a  surface  wave 
transducer  showing  the  sending  and  receiving  crystals  coupled  on 
a  single  niece  of  lucite.  The  crystals  are  x-cut  quartz  crystals 
;nt  cd  at  t  he  critical  angle  for  surface  wave  propagation. 

As  an  example,  studies  were  conducted  in 
deference  38  on  tensile  specimens,  stressed  in  uniaxial  tension, 
within  the  elastic  region,  in  an  Instron  test  machine.  Figure  11(b) 
is  an  oscilloscope  trace  of  the  reference  pulse.  The  sweep  time  has 
been  set  so  that  a  10  uS  duration  sweep  is  produced,  triggered 
c.i  the  tune  of  the  start  of  the  variable  delay.  With  the  trans¬ 
ducer  attached  to  t  tic  sample,  a  received  pulse  is  obtained.  The 


48 


!  e :  e  retice  :m!se  i s  made  t «.  >  eo  i  no  i  do  in  time  with  t  lit'  reoo  i  vod  pulse, 
so  that  added  a lqohr i oa 1 1 y ,  a  null  in  obtained  (Figure  11(b)). 

On  application  of  a  stress,  the  time  of  travel 
is  changed,  causinq  a  shift  in  the  received  signal.  The  received 
pulse  and  the  reference  pulse  are  no  longer  in  phase  opposition  and 
tin'  wave  form  changes.  The  internal  delay  trigger  is  adjusted  to 
obtain  the  null  and  the  change  in  the  time  of  travel  determined. 
Measurement s  made  on  a  2014-T6  aluminum  alloy  show  the  variation 
of  the  ('hanger,  in  time  of  travel  with  applied  stress  in 
Figure  li  (c)  .  The  linear  behavior  allows  the  definition  of  a 
const  ant  ,  called  the  "stress  acoustic  constant."  This  constant 
nas  values  which  are  different  for  tension  and  for  compression. 


stress  acoustic  constant 


_ AT _ 

stress  x  path  length 

-9 

nanoseconds  (10  seconds) 
per  1000  psi-inch 


(54) 


The  stress  measured  is  the  average  stress 
to  a  depth  of  one  wavelength  below  the  surface  of  the  specimen, 
since  this  corresponds  to  the  depth  of  penetration  of  a  surface 
wave.  The  study  of  the  skin  stresses  is  made  possible  by 
1 i m i t  i nq  t!u'  surface  wave's  depth  of  penetration  just  below  the 
surf. ice  of  the  specimen.  The  velocity  of  the  material  is  given 

i  »V 

V  -  (  "  ) 

•  M  .  t  he  w.  i  vo  i  on  g  t  h  and  f  is  the  frequency.  For  a  constant 
v .  in  a  material,  increasing  tne  frequency  of  the  ultrasonic 

wave  will  decrease  the  wavelenqth  and  so  decrease  the  penetration 
<  > :  the  wave.  The  study  reported  in  Reference  38  was  carried  out  at 
a  frequence  of  7  MHz  which  corresponds  to  a  depth  of  0.422  mm  for 
a  20 14 -TO  aluminum  alloy. 

•  .  ! .  .*  .  i  '•  f  •  f  ft.  (  t : .  i  f  ( »  >  r  i  <  ^  f  * . ;  i  « )  i ..  i  !  '  •  t  f  i  ‘  s :  •  s 

Residu.it  stresses  on  the  surface  of  .. 
specimen  may  be  measured  in  magnitude  and  direction  using  the 
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Tlu'  method  uses  a  surf.iro  wave  transducer 


.at!  ace  wave  t  edit’,  l  >1  ue . 
mounted  at  a  known  oriental  ion  on  the  surface  of  the  specimen  in 
which  the  tesidual  stresses  ate  to  be  determined.  The  surface 
ot  the  specimen  is  aiaduated  at  10"  intervals  over  its  angular 
taupe  of  iff)"  .  The  surface  wave  t  ransducer  i  s  placed  on  the 
an  t  act.'  of  t  lie  specimen  parallel  to  one  direction  on  the  specimen, 
and  an  ultrasonic  surface  wave  is  generated  at  one  foot  of  the 
transducer,  propagated  through  the  sample,  and  received  through 
the  other  toot.  If  the  reference  pulse  is  delayed  by  the  transit 
time  of  the  ultrasonic  signal,  then  the  two  pulses,  that  is,  the 
received  signal  and  reference  pulse,  will  add  to  each  other.  The 
vernier  delay  time  control  may  be  adjusted  to  place  the  two 
signals  in  phase  opposition  with  each  other.  Further  adjustment 
of  the  reference  pulse  amplitude  will  allow  for  a  null  to  occur 
during  the  period  when  both  signals  are  present.  The  transducer 
is  t  hot)  rotated  through  10°  and  a  second  reading  is  obtained. 
Similar  readings  are  made  over  the  entire  range  of  angles 
and  these  values  are  plotted  on  polar  coordinates.  Figure  12 
shows  the  plot  obtained  in  the  analysis  of  2014-T6  plate  with 
residual  surface  stresses  introduced  by  rolling.  The  principal 
axes  of  stress  correspond  to  the  maximum  and  minimum  values  of 
the  t  i me  for  propagation  of  the  wave.  For  a  sample  that  is 
completely  stress  free,  a  circular  pattern  is  obtained,  for  the 
transit  time  is  equal  in  all  directions. 

The  following  method  is  used  to  determine 

the  magnitude  and  direction  of  residual  or  applied  stresses  on 

t  lie  surface  of  a  specimen.  A  transducer  coupled  to  the  surface  of 

. i  st  ress  free  s.u’.i-  lc  is  used  to  propagate  a  surface  wave,  and 

the  transit  time  (t  )  is  measured.  The  value  obtained  is  for 

so 

zero  stress.  Comparison  of  this  value  with  the  ones  (t  )  measured 

s 

on  the  surface  of  the  specimen  with  residual  (or  applied)  stress 
yield  changes  in  transit  time  (At  =  t  -t  ) .  The  stress  acoustic 
constant  for  the  material  may  be  used  to  calculate  the  surface 
stresses  from  the  transit  times  of  the  ultrasonic  wave  in  the 
stressed  surface . 
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Chanqo  in  Transit  Time  versus  Transducer  Orientation 
for  Determining  Surface  Stress  Directions. 
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Determination  ot  Residua]  Stress  Throuqh 
the  Thickness 


As  the  name  implies,  a  surface  wave  travels 
parallel  to  the  surface  penetrating  the  material  to  the  depth  of 
one  wave  length.  A  sample  with  residual  stress  may  have  isostress 
lines  which  lie  in  layers  parallel  to  the  surface  of  the  sample. 

The  sample  containing  residual  stresses  may  be  pictured  as 
successive  layers  with  different  values  of  stresses  joined  together 
to  constitute  its.  thickness,  and  a  plot  of  stress  against  the 
g,  s.cicc  into  Mu'  thickness  ot  the  sample  will  show  a  continuous 
i‘i  a  the  case  of  pure  bending,  the  net  stress  through  the 
sample  wi  i  1  be  zero,  an  there  will  be  actual  amounts  of  tension  and 
compression  in  the  sample'.  A  surface  wave  traveling  throuqh  the 
sample  wil I  penetrate  to  a  Layer  one  wavelength  below  the  surface 
so  that  the'  stress  measured  by  the  wave  will  be  an  average  to  the 
depth  of  penetration,  and  thereby  measure  the  average  stress  from 
the  surface  to  any  reasonable  depth  below  the  surface  of  the 
Koeeimen.  Hence ,  it  is  possible  to  determine  the-  stress  profile' 
through  the  thickness  of  a  specimen. 

An  experiment  was  performed  (Reference  38) 
to  determine  the  st  ress  gradients  in  a  sample  st ressed  in  bending. 
The  loading  apparatus  is  shown  in  Figure  13(a).  This  type.'  of 
i''udiu--  son.  -!c>  i::t  :  oducos  a  constant  bending  moment  in  t  b< 

i:n.  ,  ■  '.v  i  i  ;i  i  ;i  t  no  reo  i  on  of  the  innermost  support  s .  The  induced 
stress  varies  linearly  with  distance  from  the  neutral  axis.  The 
top  cur  face  of  the  sample  is  in  tension,  while  the  fibers  of  the 
sample  below  the  neutral  fiber  are  in  compression.  Surface  waves 
wore  generated  usinq  a  1  MHz  cjuartz  crystal  at  frequencies  of 
1 ,  3 ,  3 ,  and  7  MHz . 

The  average  stress  in  a  sample,  when  subjected 
to  a  constant  bending  moment,  can  be  calculated  (Figure  13(b)). 
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in  an  experiment,  S  can  bo  determined  as 

max 

average  s  t  ross  in  the  top  layer  of  the  specimen  correspond  i  ng 

the  smallest  wave  lonqth.  By  increasing  the  wavelength,  the 

rage  stress  corresponding  to  this  increased  wave  iencth  depth 

penetration  can  be  determined.  From  the  stress  equation 

uat  ion  r>7)  ,  we  can  calculate  S  ,  the  stress  at  the  level  x. 

x 

ULTRASONIC  PROPERTIES  OF  POLYCARBONATE  AND  ACRYLIC  PLASTIC 

MATKK  I  A!. 

it  in,iv  l>o  necessary  to  experimental  ly  determine  the  velocit 
ult  r.  i,  ionic  ,;t  ross  waves  in  polycarbonate  and  acrylic  materials 
X i'll  an  tin-  second  order  and  third  order  elastic  constants  for 
:  -  e  mat  <>i  lain  by  ultrasonic  methods. 

APPROXIMATE  COST  OF  ULTRASONIC  RESIDUAL  STRESS  MEASURING 

DEVI  OF 

Stress  analyzer  complete  system,  including  oscilloscope 
n  t  runic ,  three  plug-in  units,  and  a  choice  of  two  transducers. 

Total  cost  (based  on  quotation  dated  August.  1982)  =  $14,500 


. i  A \ I  >  F'KrOMMKNPATl  ON. ‘I 

I-awinu  riini’lusiom:  aiul  recommcndat.  ions  arc  based  on 
'"■iii'.'l  I'd  durina  this  review. 

un-sent,  tin*  scat  t  ered-1  i  qht  photoelastic  technique 
.  as.  .1  nor.de  I  ruct  ive  method  to  study  static, 

;a  1  ,  :  .  •  I  ast  oplar.t  i  e  problems  of  structural 

.1  i  r.u  :•  i  ast  ics.  as  i  he  model  mater  ia  1  .  The  basic 
sires  of  the  t  e<  nique  <irc  well  developed 
! .  '  er  -.opiiis.t  icated  and  wel  1  developed  experimental 

:  a.  :  c  i  i!i-  •  vu  i  1  at.  I  e  .  llowi'Vi'r,  t  tie  I  ochniquc  is  at 
..  1  ui.or.it  or-,  tool  and  needs  the  expertise  of  a 

eei  ei  te  not  reliable  results.  Tht>  method  has 
;e,i  ent  oil  for  development  as.  a  field  exner  imenta  1 

to.,,. 

;  t  i  sent  ,  ultrasonic  technique  T  based  on  Rayleiqh 
i  s.  widely  used  in  measurinq  residual  stresses  in 
s.t  eel  aluminum.  The  basic  principles  and  the 

t  lie  t.  -unique  are  well  developed  and  understood, 
t  rcss-v.-locity  expressions  in  a  stressed  elastic 
a  liable  for  longitudinal  and  shear  waves.  From 

,  approximate  expressions  are  derived  for  Rayleigh 
Further  research  is  needed  to  directlv  develop 
•incit  y  expressions  for  Rayleiqh  surface  waves 
i  t  res  sod  clast  ic  medium.  The  experimental  hard- 
..o  1  1  developed,  economical,  simple  to  operate,  and 
.  ed  ii,  field  measurements.  The  application  of  this 
.1.  iiT.ri  t  ransparence  plastic  materials  such  as 

u,i : /or  ucrvl  ics  w  i  1  1  have  to  be  established.  This  ma 
.  t  e  .  ;  i.  i  t  ion  of  the  velocities  of  ultrasonic  Rayleigh 
second  and  third  order  elastic  constants  for  such 


uii  I'a.  onic  technique  IT  based  on  the  energy  reflec- 
id  i  riter face  near  the  angle  of  incidence  for 


:i  ]  n  i  iMum  i-.' fli-ct  ion  is  at  present  ust.nl  for  ovaluat  ing  certain 
.-!m  i -.wt  o  r  i  at  id  ami  residua  I  stresses  in  metals.  The  express*  ions 
for  I  he  eneray  rat  in:;  of  refleeteil,  refracted  (longitudinal  or 
.-.hear)  enemies  to  incident  eneray  is,  available.  The  transducers 
may  be  i-nnneivi.il  Iv  available,  but  t:ho  goniometer  needs  to  be 
de:;i,|ned  and  fabricated.  This  technique  is  reported  to  be  very 
sensitive,  but  needs  further  development  and  research  to  make  it 
a  viable  field  measurinn  tool. 

4.  Magneto-photoelasticity  is  at  present  used  to  determine 
the  states  of  stress  in  plastic  bodies  which  do  not  show  any 
opt  ic.il  effect  by  direct  photoelastic  observations,  such  as  bendino 
and  residual  stresses  in  plates.  The  basic  equations  and  labora¬ 
tory  experimental  hardware  are  available.  This  technique  demands 
very  sophist  io.ited  experimental  hardware  which  is  not  commercially 
■  iv. li  (able.  This  is  a  very  protnisinq  technique  but  still  requires 
.nidi  l  ion. i  I  d.-ve  I  opnieii  t  be  fori'  it  could  bo  recommended  even  as  a 
1  .ifiiiui  ory  i -x!  >e  r  i  ineiit  a  I  stress  analysis  tool. 

i.  baser  d  i  (Tract  ion  is,  at  present,  used  to  characterize 
tiie  distribution  of  crazes  in  plastics.  The  experimental  hard¬ 
ware  is  '.’cry  simple,  relatively  inexpensive,  and  available 
comrne re i a  1 ly .  However,  this  technique  needs  additional  development 
before  it  can  tie  considered  for  character  i  z  i  nq  the  residual  stresses 
in  plastics.  This  is  a  very  promising  future  experimental  stress 
analysis  tool  which  offers  the  potential  for  usage  in  the  field. 

ft  is  recommended  that:  (1)  ultrasonic  technique  T,  based  on 
Kayleiqh  mirf.u-e  waves,  be  evaluated  for  use  on  aircraft,  trans¬ 
parency  plus! ic  materials  such  as  polycarbonates  and  acrylics  and 
be  further  eons i do  red  for  development  as  a  field  tool  to  nondestruc- 
i  i  ve  l  y  determine  t  tie  residual  stresses  in  aircraft  transparencies 
in  their  installed  condi t  ion;  (2)  scat te red- 1 i qht  techniques  be 
demonstrated  as  a  nondestructive  technique  for  quantifying  residual 
st.  reuses  in  aircraft  transparencies  in  the  laboratory  and  that  the 
i-xperiment.il  hardware  required  for  field  use  be  defined  and,  if 
practical,  developed. 
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APPENDIX  A 


ULTRASONIC  TECHNIQUE  II  (REFLECTION  OF  ULTRASONIC  ENERGY  AT  A 
LIQUID-SOLID  INTERFACE  NEAR  THE  ANGLE  OF  INCIDENCE  FOR 

MINIMUM  REFLECTION) 


Tin'  reflection  of  ultrasonic  energy  at  a  liquid-solid 
interface  can  often  be  used  as  a  relatively  rapid  technique  for 
evaluating  certain  material  characteristics  and  the  residual 
stresses,  and  under  some  conditions  it  is  more  sensitive  than 
the  standard  ultrasonic  methods.  Nevertheless,  boundary 
reflectivity  has  not  been  used  extensively  in  material  evaluation 
and  residual  stress  measurement.  In  the  following  paragraphs  a 
review  of  some  long-known  facts  about  ultrasonic  reflectivity  at 
liquid-solid  boundaries  are  made  and  then  "critical  reflection" 
.'xoer  i  ment  s  and  a  goniometer  are  described  (References  A  A  and 
.  ‘M  . 


A.  1  HAS  IV  PRINCIIM.ES  AND  THE  EQUATIONS 

Con:;  ider  an  ultrasonic  beam  incident  upon  a  water-solid 
interface  shown  in  Figure  A. 1(a).  The  geometrical  relationships 
that  exist  between  incident  and  refracted  port  ions  of  the  ultra¬ 
sonic  beam  arc'  generally  described  by  Snell's  law  (Reference  69) 
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where  V(  ^  is  the  compressional  wave  velocity  in  water  and  ^nd 

V  0  represent  the  longitudinal  and  shear  wave  velocities  in  the 
sol  id.  When  V,^>  V.;-,  •  Vjj  the  refraction  angles  are  always  larger 

than  tin1  angle  of  incidence  and  it  is  possible  to  produce  critical 
retraction,  i . c . ,  the  condition  where  the  angle  of  refraction 
equals  90  degrees.  When  the  angle  of  incidence  is  greater  than 
that  necessary  to  produce  critical  refraction  of  the  shear  wave, 
it  may  st  i 1 1  be  possible  to  excite  surface  waves  along  the  boun- 
il.irv.  Although  the  surface  wave  referred  to  here  may  differ 
s light lv  from  the  true  Rayleigh  wave  (characterized  by  a 
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v.u'uiim-so  I  i  d  l»ouml.iry)  ,  the  velocities  are  almost  identical.  There 
is  one  important  difference  between  liquid-solid  surface  waves  and 
vacuum-solid  surface  waves.  At  low  meqaeycle  frequencies,  the 
latter  may  travel  over  loiuj  distances  with  relatively  little  atten- 
uat  ion.  However,  surface  waves;  .it  a  1  i  qu  i  d-so  1  i  d  interface  are 
rapidly  attenuated  due  to  radiat  ion  of  compress i ona 1  waves  into 
the  1  iqnid.  Snell's;  law  can  a  1  so  be  used  to  determine  the 
atiiile  ot  incidence  for  maximum  excitation  of  surface  waves;.  Since 
t he  "anqle  of  refraction"  is  equal  to  90  deqrees,  we  get 
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where  V  is;  the  velocity  of  the  surface  wave.  The  exact  value  of 
V  varies  with  the  Poisson  ratio  for  each  solid,  but  is  generally 
,  i  bo  1 1 1  0.9  V(,  ,  . 
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Consider  next  t  he'  partition  of  energy  between  the  incident, 
looted,  and  refracted  portions  of  an  ultrasonic  beam.  Accord- 
lo  Mavers  (Reference  <>7)  and  Frgin  (Reference  08),  the  energy 
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The  energy  ratio  of  refracted  longitudinal  wave  in  the  solid  to 
t  lie  incident  wave  in  the  liquid  is  given  bv 
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Tho  energy  r.it  io  of  rt'f  r.ui  c'd  shear  wave'  to  incident  wave 
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Calculations  of  these  ratios  were  made  for  a  number  of 
solids  with  the  incident  ray  in  water  and  oil. 

Figure  A. 1(b)  is  taken  from  Reference  66  and  illustrates 
the  expected  energy  partition  at  a  water-aluminum  boundary  when 
lrfae-e  waves  and  attenuation  are  not  considered.  Under  these 
corn)  i t  ions,  the  incident  energy  is  partitioned  only  among  the 
reflected  wave  (R)  and  refracted  longitudinal  (I,)  and  shear  (S) 
waves.  At  normal  incidence,  a  refracted  shear  wave  does  not 
exist  ,  so  that  t  ho  energy  is.  part  it  i  onod  between  the  reflected 
and  the  refracted  longitudinal  vave.  The  exact  division  at 
normal  incidence  is  dependent  on  the  impedance  mismatch  at  the 
boundary,  and  the  amplitude  ratio  of  the  reflected  and  incident 
waves  is  given  by 
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where  ,  v.  md  ....V,..  are  tho  rha raetori  st  ie  impedances  of  the 
water  and  sol  id,  respectively.  As  the  angle  of  incidence  is 
increased,  some  energy  goes  into  the  refracted  shear  wave  until 
the  critical  angle  for  the  refracted  longitudinal  wave  is 
approached.  At  this  critical  angle,  0  ,  all  the  energy 
is  theoretically  reflected  back  into  the  water.  At  higher  angles, 
the  refracted  shear  wave  (S)  receives  a  fairly  large  percent  of 
the  incident  energy  until  it  also  approaches  its  critical  angle, 

2*  In  this  somewhat  simplified  picture,  the  incident  energy 
would  be  totally  reflected  at  all  higher  angles.  When  the 
possibility  of  surface  waves  is  admitted  to  the  theory,  a  more 
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i-nmi'U'x  situ.it  ion  exists  and  a  major  change  in  reflection  effects 
occur  at  an  angle  of  incidence  near  to  that  which  produces  critical 
refract  ion  of  the  shear  wave.  A  comparison  of  theoretical  and 
experimental  reflect  ion  data  is  given  in  Figure  A. 1(c).  The 
tel  looted  energy  is  plotted  as  a  function  of  angle  of  incidence 
i or  a  water-aluminum  interface  at  an  ultrasonic  frequency  of 
‘1  megacycles  per  second.  The  solid  curve  is  repeated  from 
Figure  ■'>.  1(b)  and  represents  the  theoretical  reflection  variations 
when  surface  waves  and  attenuation  are  not  considered.  The  open 
circles  represent  experimental  data.  The  agreement  is  very  good 
except  at  angles  of  incidence  near  31  degrees.  The  first  maximum 
at  14  degrees  is  related  to  critical  refraction  of  the  longitudinal 
wave.  The  experimentally  observed  minimum  in  reflected  signal  at 
of  11  degrees  is  related  to  the  excitation  of  surface 

m i n i mum 

waves..  It  is  this  minimum  that  is  most  sensitive  to  physical 
proper!  ies.  of  t  lie  solid. 

A.,’  Pit  I  Mi’  I  PEES  OF  A  GONIOMETER 

In  order  to  ensure  that  the  equality  of  the  angles  of 
incidence  and  reflection  is  maintained  in  the  water  and  that  the 
dirts- lions  of  these  beams  intersect  at  the  same  point,  it  is 
necessary  to  provide  for  certain  mechanical  features.  In 
Figure  A.  2,  a  circular  roller  is  shown  which  is  moved  un  and 
u-vwr.  a  v>  r  f  i  cnl  axis,  increasing  or  decreasina  the  angle 
notween  tno  goniometer  arms  on  either  side.  The  pivot  point  P 
is  in  the  surface  or  slightly  below  it  for  maximum  intensity 
because  of  a  small  beam  d i splacement  on  reflection.  If  the  two 
arms  are  separated  at  a  fixed  distance  "a"  from  a  pivot  A, 
win  le  the  radius  of  the  roller  is  "b"  with  center  at  "B",  the 
condition  that  P  shall  be  fixed  requires  that  the  heights  of  the 
two  points  A  and  B  should  be  maintained  in  the  same  ratio  as 
a/b,  that  is,  h^  and  h ^  in  the  diagram  are  given  by  h-^/h^  =  a/b. 
donsoquent  ly ,  a  vertical  screw  in  the  line  of  DBAP  must  move  B 
up  or  down  faster  than  A  but  in  this  ratio. 
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Tin-  i  ii: ;  t  i  imu'n  I  is  shown  in  Figure  A..'.  Tin-  instriiniont  i  s 
solo  together  in  s  i  1 g  i  il  I'riimowork  comprising  s  r  i  rnilnr  base  pinto 
onto  which  is  welded  a  vortical  main  plate  and  perpendicular  to 
it  at  the  rear,  two  st lengthen  i  nq  members.  They  support  the  top 
platform  on  winch  there  is  mounted  a  motor  drive  and  gear  box 
t  o  operate  the  vertical  lead  screw.  There  is  also  a  revolution 
counter  which  records  the  angular  rotation  of  the  screw  and  the 
reading  of  this  counter  can  easily  be  calibrated  as  a  function  of 
the  angle  of  incidence  T  in  Figure  A . 2 ( a) . 

The  lead  screw  has  two  sections  separated  by  a  bearing  and 
support  i ng  frame  which  is  screwed  to  the  main  body.  The  upper 
part  of  t  lie  screw  has  twice  the  pitch  of  the  lower  part,  and  the 
rot  at  ion  is  transmitted  from  the  screw  into  the  vertical  movements 
of  the  roller  and  the  pivot,  respectively.  The  bearings  of  the 
roller  and  the  pivot  are  held  in  position  by  milled  slots  in  the 
main  vertical  plate.  The  geometry  of  the  system  requires  that  the 
two  ultrasonic  probes  acting  as  transmitter  and  receiver  must 
have  their  axes  along  the  lines  of  the  tangents  to  the  two  circles. 
In  the  instrument  shown,  they  are  clamped  onto  the  side  of  two 
metal  arms  held  onto  the  roller  by  springs.  The  actual  choice  of 
posit  ions  for  points  A  and  B  is  therefore  adjusted  in  order  to 
ensure  that  the  geometrical  condition  is  fulfilled.  The  trans¬ 
ducers  used  were  in  the  frequency  range  of  1  to  10  MHz  and  had 
diameters  between  5  and  15  mm. 

In  operation  the  instrument  must  be  immersed  in  water  or 
oilier  .liquid  sufficient  to  cover  the  lower  ends  of  the  transducer 
and  receiver.  Thus,  the  lower  part  of  tin-  instrument  has  to  bo 
protected  against  corrosion  and  it  is  advisable  for  the  liquid  to 
contain  a  suitable  inhibitor.  The  water  tank  can  be  replaced 
by  the  use  of  a  flexible  bag  of  polythene  which  can  adapt  to  the 
surface  shape.  This  will  introduce  a  thin  layer  of  material 
between  the  liquid  and  solid  interface,  but  the  effect  on  any 
measurements  should  be  negligible  in  most  practical  cases. 
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A.  2 .  L  Calibration  of  the  Goniometer 

The  first  element  of  calibration  required  is  to 
establish  the  relationship  between  the  revolutions  of  the  lead 
screw  and  the  anqle  The  second  calibration  required  is  to 

establish  the  variation  of  some  anqle  0,  either  a  critical  reflee- 
t  ion  anqle  or  the  neak  of  the  Rayleigh  wave  intensity  as  a  function 
of  applied  stress  or  strain.  This  condition,  established  under 
known  coiuiil  ions,  is  then  available  for  the  determination  of 
unknown  residual  stress  or  strain.  In  the  course  of  this  calibra- 
l  ion,  I  he  load  was  fixed  and  the  anqular  position  scanned  over  a 
range  of  one  deqree  or  more  in  order  to  find  the  minimum  of 
reflected  enerqy  correspond i nq  to  the  maximum  Rayleiqh  wave 
intensity.  The  actual  strain  in  the  specimen  surface  was  deter¬ 
mined  by  reference  to  electrical  resistance  qaqes  suitably 
attached.  Figure  A.  5(a)  shows  the  calibration  obtained  from  a 
steel .  Measurable  changes  could  occur  due  to  temperature  varia¬ 
tions  in  the  water  or  oil  bath.  Consequently,  the  extent  of  this 
variation  is  to  be  established,  and  in  subsequent  measurements 
the  temperature  is  to  be  determined  and  a  correction  applied  when 
neeossa ry . 

A.  2 . 2  Applications  of  Goniometer 

A  very  successful  metallurgical  application  of  the 
goniometer  was  achieved  in  the  study  of  the  effects  of  composition 
variables  and  case  hardening  treatments  on  the  residual  stress  in 
steels  for  qear  blanks.  Fiqures  A. 4 (a)  and  A. 4(b)  illustrate  the 
primary  measurements  on  the  instrument  for  radial  and  circum¬ 
ferential  directions  at  the  mid-radial  positions  on  the  flat 
faces  of  the  blanks.  It  is  reported  that  x-ray  methods  give 
indications  of  surface  stress  to  a  depth  in  the  region  of  25  am. 

The  ultrasonic  method  is  less  superficial  in  that  the  penetration 
is  of  the  order  of  250  am. 
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